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 Abstract 
Nowadays, the release of different new contaminants, also known as emerging contaminants, 
in water and wastewater bodies are increasing with each passing day. Emerging contaminants 
primarily include pharmaceutical and personal care products and endocrine disruptors. 
Advanced oxidation processes are receiving an immense importance in the last few decades 
due to their abilities to degrade a vast range of organic and inorganic pollutants. This thesis 
explores the efficiency of different advanced oxidation processes in degrading emerging 
pollutants as well as conventional organic pollutants.  
Heterogeneous photocatalysis is a well-studied advanced oxidation process, which involves 
the use of light energy to excite semiconducting materials to produce a pair of electron/hole, 
that eventually facilitates the oxidation of organic pollutants by generating hydroxyl radical 
and superoxide anion. The process has been found to be highly effective in degrading 
emerging contaminants like artificial sweeteners and caffeine, where almost complete 
degradation of these contaminants has been found under experimental conditions.  
 However, the major drawbacks of heterogeneous photocatalysis is the large band gap of the 
semiconducting materials, making the process expensive UV-light driven, and high 
recombination rate of the formed electron/hole pair, reducing the efficiency of the overall 
process. A solar cell technology called dye-sensitization was applied to solve the enigmas of 
the photocatalytic process. The novel approach of using a natural dye to replace heavy metal 
and organic synthetic dyes increased the sustainability of the technology and uniqueness of 
the process. The technology was found to be highly effective in the removal of an organic 
pollutant namely methylene blue.  
 Tetraoxy high valent iron(VI), known as ferrate(VI), received great attention as an oxidant, 
coagulant and disinfectant. However, few emerging contaminants like caffeine, artificial 
sweeteners, etc. are recalcitrant towards oxidation by ferrate(VI). A novel approach of 
activating ferrate(VI) by acid was studied here for enhanced oxidative transformation of 
artificial sweetener. Significantly, almost complete removal (i.e. 93.6%) of the sweetener by 
acid-activated Fe(VI) was achieved at Fe(VI) to ACE molar ratio of 6.0 in 1 minute. 
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The findings of this research stimulate further studies on the new advanced oxidation 
techniques for the removal of emerging and conventional organic pollutants.           
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Chapter 1  
1 Introduction 
Benjamin Franklin (1706 – 1790) once stated “When the well’s dry, we know the worth of 
water”. Water is our elixir of life. We are residing in an age where a large volume of 
human population is deprived of clean usable water. Thus, the development of new and 
sustainable water treatment technologies is an indispensable need to secure our present 
and future. 
1.1 Motivation and Background 
Access to potable water is a basic need for any human being on this earth. However, one 
fifth of the world’s population is indigent of any safe water resources [1]. Two fifth of 
our entire population are severely affected by improper sanitations [1]. Annually more 
than 2 million people die due to water borne diseases [1]. According to a study, 1.2 
billion of world’s population do not have access to safe drinking water [2] and around 
4000 children die every day due to the exposure to unsafe water [2].  
Around one third of earth’s available renewable freshwater is being used for agriculture, 
industry and domestic purposes [1]. Due to rapidly increased industrialization, vast 
urbanization and agricultural growth the amount of pollutants going to the water bodies 
are also increasing with each passing day. More than 300 million tons of chemicals used 
in various industries and consumables ultimately end up in different water bodies [1]. 
These chemicals not only include conventional organic pollutants, but also numerous 
emerging organic contaminants (EOCs) including endocrine disrupting compounds 
(EDCs), pharmaceuticals and personal care products (PPCPs). Hence, along with the 
researchers, governments and regulatory bodies are also getting involved in addressing 
this ever-growing water problem [3].   
EOCs, also known as organic micropollutants, have been found in water bodies across 
the globe since last three decades [1]. Also, their presence is not only concentrated in 
industrial areas, but they have been found in every possible remote area across the world 
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which indicates that they can be moved far away from their sources through air or water 
[1]. EOCs, especially PPCPs pose a great threat to freshwater fishes and invertebrates as 
a result of their long- or short-term exposures [4,5]. Presence of these PPCPs in water 
bodies are also responsible for the growth of different antibiotic-resistance bacteria [6]. 
Pharmaceutical compounds are originally formulated to amplify their activity at very low 
doses to some target species (humans or animals) [7]. Hence, their presence even in a 
small amount can affect untargeted species as well, leaving behind detrimental 
consequences. Besides, one of the foremost concerns with PPCPs is their negative effects 
on endocrine systems of different living organisms [7]. Furthermore, sometimes an 
individual PPCP may not have any toxic effect, however several different PPCPs may 
exert adverse effects when present in composites [8]. Most of the conventional 
wastewater facilities all across the globe are so designed to address easily or relatively 
biodegradable substances and microorganisms [9]. Besides, the presence of EOCs have 
been detected in surface water, drinking water and ground water bodies all across north 
America and other parts of the world [10-12]. This eventually substantiates the fact that 
the conventional wastewater treatment processes are not entirely proficient in addressing 
all EOCs. Removal of these compounds through adsorption will only transfer them from 
one phase to the other, which will need further treatments. For these reasons, for the last 
few decades advanced oxidation processes (AOPs) are being extensively studied as an 
alternative or in addition to the conventional wastewater treatment processes to address 
EOCs.   
The reason that AOPs are gathering an immense importance for addressing EOCs are 
their ability to oxidize a vast range of organic contaminants. Most of the AOPs are based 
on the formation of highly oxidizing species hydroxyl radical (OH•) in situ [13]. The OH• 
can be generated by chemical, photochemical, sonochemical or electrochemical processes 
[13]. One of the oldest method of AOPs is fenton method, where Fe(II) is being used 
along with H2O2 [13]. This method has been widely used for destroying various persistent 
organic pollutants (POPs) [14-17]. However, the efficiency of the process can be 
increased largely by adding either UV light or Sunlight to it [15]. Another commonly 
used AOP is photolysis of H2O2, where UV light (200-300 nm) is being used to photolyze 
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H2O2 to produce OH• [18, 19]. The process has been broadly studied for the degradation 
of different organic dyes [20-23], organic pollutants like different pesticides, aniline 
derivatives, organochlorinated derivatives, organophosphates, pyridine and pyrimidine 
derivatives [13, 24]. Use of O3 along with UV irradiation is another commonly used 
method of AOP. O3 absorbs UV irradiation in the range of 200 – 360 nm in aqueous 
solution [25]. Since O3 absorbs much larger wavelengths than H2O2, the efficiency of the 
later is much higher than that of the former [13]. Photolysis of O3 has been extensively 
studied for elimination of a vast range of POPs, Pesticides and phenolic compounds [26-
30]. Other than that, the process has also been expansively studied for the 
decontamination of various pesticides [28, 31], EDCs [32, 33], PPCPs [34, 35], 
antibiotics [36], surfactants and dyes [22, 37-40]. However, in most of the cases it leaves 
behind oxidation by-products which needs further elimination from the system.  
Heterogeneous photocatalysis is one of the most promising AOPs since it has the ability 
to oxidize a huge variety of organic pollutants including organic dyes, EOCs, EDCs, 
PPCPs and POPs. Fujishima and Honda first invented this technology in the year 1972 
for the purpose of water splitting in a photo-electrochemical solar cell [13, 41]. Further 
this technology was considered as a new AOP and was expansively utilized for water 
decontamination processes as well as energy applications [42-44]. It is a versatile, 
inexpensive, environmentally friendly treatment technology that is not only applicable for 
degrading pollutants but also equally efficient in removing biological and inorganic 
origin pollutants both in water and air [45]. Also, this process has the ability to mineralize 
most of the organic contaminants to innocuous carbon dioxide and water; thereby leaving 
behind no toxic by-products. Numerous studies have been done exploring the removal 
efficiency of heterogeneous photocatalysis for a vast range of organics and inorganics 
such as aldehydes [46], carboxylic acids [47, 48], chlorophenols [49-51], dyes [52-54], 
fungicides [55], herbicides [56], ketones [57], phenolics [58], Pharmaceuticals [59, 60], 
trace metals and inorganic compounds [61].   
Another chemical oxidant which is being studied recently as AOP is higher valent iron 
species called Ferrate(VI) (Fe(VI)). It is not only a strong green chemical oxidant but also 
exerts disinfection and coagulation properties [62]. These added properties of Fe(VI) 
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further broadens its application areas. It has been found to be effective in removing 
nitrogen and sulfur containing wastes, viruses, bacteria, antibiotics, pharmaceuticals and 
heavy metals including arsenic [62]. Several studies show the efficacy of Fe(VI) on 
degradation of POPs and micropollutants [63-66]. Fe(VI) has also been found to 
successfully oxidize several pharmaceuticals and EDCs [67-69].    
This PhD thesis primarily deals with two different AOPs: heterogeneous photocatalysis 
and Fe(VI). Both the processes have been explored for degrading different EOCs 
including PPCPs. Initially detailed degradation study of two different EOCs have been 
performed using heterogeneous photocatalysis. However, one of the major drawbacks of 
using heterogeneous photocatalysis is the large band gaps of semiconducting materials 
used as photocatalysts; which eventually drives the process to be expensive UV light 
driven. Hence, in recent years there has been an increasing interest in modifying 
photocatalysts to make the process sunlight driven. Next part of my thesis is involved in 
modifying the photocatalyst using natural resources to make the process sunlight driven 
and environmentally friendly, thereby increasing the overall sustainability. Dye-
sensitization is a technology principally used in solar cell applications to sensitize 
semiconducting materials so that it can be excited by visible sunlight. The same dye-
sensitization technology is being applied here for the application of water 
decontamination. However, natural dyes (extracted from natural abundant sources) are 
being used here replacing heavy metal and synthetic organic dyes used for this purpose. 
This not only increases the economic viability of the process but also makes the process 
greener and environmentally friendly. The novelty of this work lies in the fact that very 
few studies have been done till date using natural dyes for water purification. Finally, 
another AOP, Ferrate (Fe(VI)), is being studied for removal of EOCs. The activity of 
Fe(VI) on the selected EOC was found to be very slow. A very few studies in the 
literature are being found to overcome this problem by activating Fe(VI) using  acids. 
Here this novel technique of acid-activation of Fe(VI) is investigated. In summary, the 
effectiveness of different AOPs are being projected for addressing new EOCs as well as 
conventional organic pollutants. Here, it has been shown that how AOPs can be the future 
of water treatment processes.   
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1.2 Thesis Objective 
The principal objective of this thesis is to explore different AOPs for the removal of 
EOCs, as well as conventional organic pollutants. Different new techniques have also 
been reconnoitered here to increase the efficiency, economic viability, oxidative 
transformations and environmental friendliness of those processes. Three different 
organic contaminants have been used for the studies: a) Acesulfame K (ACE), a 
commonly used artificial sweetener in PPCPs and various food products, b) Caffeine 
(CAF), one of the most extensively used pharmaceutical product and c) Methylene Blue 
(MB), a very frequently used organic dye in different paper and textile industries. The 
specific research objectives are given as follows: 
i) Demonstrate the effectiveness of solar photocatalytic process using TiO2 as 
photocatalyst for the removal and degradation of ACE 
ii) Explore the comprehensive parametric study for ACE degradation with TiO2 
under sunlight to determine the optimum reaction parameters 
iii) Study the degradation of CAF by solar photocatalysis using two different 
photocatalysts TiO2 and ZnO to compare their effectiveness  
iv) Making the photocatalytic process visible sunlight driven by modifying TiO2 
by dye-sensitization 
v) Replacing expensive synthetic and heavy metal dyes with natural dyes for 
sensitizing TiO2 
vi) Detailed characterization of the modified photocatalyst 
vii) Perform a systematic statistical analysis to investigate the effect of different 
operational parameters on degradation of MB using natural dye-sensitized 
TiO2 under visible solar light  
viii) Study the enhanced oxidation of Acesulfame K by activating Fe(VI) using 
simple acids 
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ix) Investigate the effect of inorganic ions and natural organic matter (NOM) 
usually present in wastewater on oxidation of Acesulfame K with acid-
activated Fe(VI) 
x) Identify the oxidized by-products of Acesulfame K with Fe(VI) and acid-
activated Fe(VI)      
1.3 Thesis Structure 
This PhD thesis is written in the article-integrated format specified by the School of 
Graduate and Postdoctoral Studies of the University of Western Ontario. The contents of 
the seven chapters included in this thesis are presented below. 
Chapter 1 provides a brief introduction on the background and motivation for developing 
and exploring different oxidation processes that can address emerging as well as 
conventional organic pollutants. The chapter also includes the specific research 
objectives of the thesis. 
Chapter 2 comprises of a part of a book chapter providing a comprehensive literature 
review on heterogeneous photocatalysis. It includes general concept and basic principles 
of photocatalysis, different design aspects of photoreactors, different photocatalysts and 
their possible modifications, and future prospects of photocatalysis. Further the chapter 
provides a brief discussion on dye-sensitization and its possible uses in water treatment. It 
includes a review on Fe(VI) and its chemistry for the use of water decontamination. It 
also encompasses the activation of Fe(VI) for enhanced oxidative transformations of 
different organics. 
Chapter 3 is a research article entitled “Study of solar photocatalytic degradation of 
Acesulfame K to limit the outpouring of artificial sweeteners”. In this study the 
degradation of an artificial sweetener and an EOC, ACE, is being studied with TiO2 
under sunlight for the first time. Firstly, the article includes the study of adsorption of 
ACE on TiO2 surface as a function of pH along with the adsorption isotherms. Further, it 
provides a detailed parametric study to determine the effect of initial concentration of 
ACE, TiO2 dosages and light intensity on the kinetics ACE degradation with TiO2 under 
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solar light. It further reports the DOC removal, quantum yield calculation and plausible 
mechanism of ACE oxidation. The study shows that solar photocatalytic degradation with 
TiO2 can be a highly effective pathway for the removal and degradation of EOCs like 
ACE from water. 
To study further, the effectiveness of this process for removal of other EOCs another 
study was done following the similar solar photocatalytic process using another EOC but 
with two different photocatalysts TiO2 and ZnO which is included in the next chapter 
(Chapter 4). 
Chapter 4 is a research article entitled “Solar photocatalytic degradation of caffeine with 
titanium dioxide and zinc oxide nanoparticles”. This study compares the effectiveness of 
two different photocatalysts, TiO2 and ZnO, for the removal of an EOC and one of the 
most vastly used pharmaceuticals, CAF. It includes a thorough parametric and kinetic 
studies of CAF degradation under solar light with both TiO2 and ZnO and a comparison 
of the optimal reaction conditions for both the photocatalysts. 
One of the major disadvantages of heterogeneous photocatalysis with TiO2 is its large 
band gap, which makes the process expensive UV light-driven. Another drawback of the 
process is the fast recombination rate of the generated electron (e-) and hole (h+), thereby 
decreasing the overall efficiency of the process. Hence, further modification of TiO2 is 
required to overcome these two enigmas of heterogeneous photocatalysis. Next chapter 
(Chapter 5) of this thesis deals with the modification of TiO2 and its applicability in water 
treatment. 
Chapter 5 is a research article entitled “Study of factorial experimental design of solar 
light driven photocatalytic degradation of methylene blue using natural dye-sensitized 
TiO2”. Initially the chapter includes modification of TiO2 using a natural dye, following 
the principle of dye-sensitization, followed by detailed characterization of the new 
photocatalyst prepared. The study shows that the prepared photocatalyst not only reduces 
the bandgap of TiO2 and makes the process visible solar light driven but also resolves the 
problem of e-/h+ recombination since in this process only e- is being generated. The 
article also includes the study of degradation of a common organic dye MB using this 
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novel modified photocatalyst under visible sunlight. The study uses the principle of 
factorial experimental design to systematically study the effect of individual and 
combined effect of reaction parameters on MB degradation. A statistical model has also 
been generated using a statistical software for degradation of MB under experimental 
conditions. This article demonstrates a new method of water treatment where dyes 
extracted from natural abundant sources can be utilised for pollutant degradation under 
visible sunlight thereby replacing expensive UV lights and heavy metal dyes. 
Chapter 6 is also a research article named “Acid-activated ferrate(VI) oxidation of 
acesulfame potassium”. This chapter deals with a chemical AOP which includes the 
oxidation of organics using Fe(VI). Here, enhanced oxidation of ACE was studied with 
activated Fe(VI). The oxidation of ACE with Fe(VI) was found to be very slow, hence 
the oxidation was enhanced by activating Fe(VI) with simple acids like HCl. The 
technology of activating Fe(VI) with simple acids is a very new concept and a very few 
studies have been done till date on this. The effect of pH, molar ration of [Fe(VI)] to 
[ACE] and molar ratio of [HCl] to [Fe(VI)] was studied on the oxidation of ACE. The 
effect of different inorganic ions and natural organic matter (NOM) was also considered 
on ACE oxidation by acid-activated Fe(VI). Finally, the oxidized products of ACE by 
both Fe(VI) and acid-activated Fe(VI) were identified. 
Chapter 7 includes the main conclusions of the thesis along with scientific contributions, 
and recommendations for future work.              
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Chapter 2  
2 Literature Review 
This chapter provides a comprehensive literature review on heterogeneous photocatalysis 
including the basic concepts, design aspects of photoreactors, photocatalysts and their 
modifications and future prospects. This is followed by a brief discussion on the method 
of dye-sensitization, its working principle, types of dyes generally used and its 
application in water treatment. This chapter also comprises of a concise review on the 
basic chemistry of Fe(VI), use of Fe(VI) as an oxidizing agent for water treatment, and 
the activation of Fe(VI) by different methods.  
2.1 Heterogeneous Photocatalysis 
In heterogeneous photocatalysis a solid semiconducting material is being used as a 
photocatalyst. There are several semiconducting materials that can be used as 
photocatalysts, such as TiO2, ZnO, Fe2O3, CdS, GaP and ZnS. These compounds have 
shown their effectiveness in degrading several POPs, water pathogens and disinfectant 
by-products [1]. In photocatalytic processes, super reactive OH• and superoxide ions (O2-
) are formed which can react with pollutants degrading them to harmless carbon dioxide 
and water. Hence this process can mineralize the organic and emerging pollutants entirely 
which are otherwise difficult to achieve and there lies the profound significance of 
photocatalysis for water treatment. Furthermore, the process can be carried out at ambient 
temperature and pressure and it is an inexpensive process [1].  
Among different semiconductors used for photocatalysis, as mentioned earlier, TiO2 is 
the most widely used one due to its high stability, non-toxicity, corrosion resistance and 
insolubility in water, excellent optical transparency (both visible and infrared light) and 
cost effectiveness [2]. TiO2 is excited in the wavelength range 330 – 390 nm and remains 
stable even after few cycles of photocatalytic process [1]. On the other hand, CdS and 
GaP both degrade after a single photocatalytic cycle [1]. However, there are few issues 
related to the use of TiO2 which hinders the process from being commercially viable. 
First, the separation of the catalyst after its use is a major concern for TiO2. Moreover, 
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due to its very small particle size and high surface area-to-volume ratio, it has a high 
tendency to agglomerate, thereby reducing the number of active sites and its optical 
efficiency [1]. Another major disadvantage of TiO2 is its wide band gap. All these issues 
related to photocatalysts and the probable methods to overcome them, will be discussed 
later in this chapter. 
2.1.1 Basic Principle of Photocatalysis 
Photocatalytic reactions can be defined as a photo induced reaction that is being 
accelerated by adding a catalyst, known as photocatalyst [3]. When light energy is 
incident on these catalysts, they absorb the light energy. When the absorbed light energy 
(h) is higher than their bandgap (Ebg), an e- from the conduction band of the 
photocatalyst gets transmitted to its valence band leaving behind a positive h+ in 
conduction band, called the excited state of the photocatalyst. Hence a pair of e- /h+ is 
being generated [4]. This is called the excited state of the photocatalyst. The formed e- 
acts as a strong reducing agent (+0.5 to -1.5V) and the valence band h+ acts as a strong 
oxidizing agent (+10 to +3.5V) [2]. This h+ reacts with either water or hydroxyl anion 
(OH-) to form OH•. OH• (a non-selective oxidant) reacts with target pollutants as well as 
with the possible intermediates formed, resulting in the mineralization of organic carbon 
to CO2, H2O and mineral acids [2]. Generally, OH• reactions occur at the surface of the 
photocatalyst [5, 6].  
As it was stated earlier, TiO2 is the most widely used semiconductor as photocatalyst. 
The bandgap of TiO2 (anatase) is 3.2 eV and that of TiO2 (rutile) is 3.0 eV [1]. When the 
absorbed light energy (h) on TiO2 becomes higher than Ebg, it goes to the excited state. 
The reaction mechanism with TiO2 is shown in the following equations (Eq. 2.1, 2. 2) 
[7]: 
𝑇𝑖𝑂2
ℎ𝜗,   𝜆<380 𝑛𝑚
→          𝑇𝑖𝑂2(𝑒
− + ℎ+)                                                                          (Eq. 2.1) 
ℎ+ +𝑂𝐻− → 𝑂𝐻∙                                                                                                   (Eq. 2.2) 
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The overall photocatalytic degradation process can be summarized in the following 
equation (Eq. 2.3) [7]: 
𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 + 𝑂2
𝑆𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟+𝑈𝑉−𝐴 𝑙𝑖𝑔ℎ𝑡
→                     𝐶𝑂2 + 𝐻2𝑂 +𝑀𝑖𝑛𝑒𝑟𝑎𝑙 𝐴𝑐𝑖𝑑(Eq. 2.3) 
The first step of any photocatalytic process is the adsorption of the pollutant molecule on 
the surface of the photocatalyst where the actual reaction takes place. In order to 
differentiate between removal of the organics due to adsorption and photocatalytic 
oxidation, the molecule is first allowed to get adsorbed on the photocatalyst surface and 
once adsorption equilibrium is reached, the reaction solution is exposed to light. This 
type of adsorption usually follows any of the two types of adsorption isotherm: Langmuir 
or Freundlich adsorption isotherm. In Langmuir adsorption model the following 
assumptions are taken into consideration [8]: 
a. All adsorption sites are identical 
b. Each adsorption site can adsorb only one adsorbate molecule 
c. The sites are not energetically independent on the adsorbed quantity 
The model is represented in the following equation (Eq. 2.4) [8]: 
𝑄 = 𝑄𝑚𝑎𝑥
𝐿𝑐
1+𝐿𝑐
                                                                                                         (Eq. 2.4) 
where, Q is the adsorbate concentration, Qmax is the maximum adsorption capacity of the 
adsorbent, L is the affinity of the adsorbate of the adsorbent and Qmax.L corresponds to a 
constant Kd, called distribution coefficient [8]. Eq. 2.4 can be linearized to the following 
form (Eq. 2.5) [8]: 
𝑄
𝑐
= 𝑄𝑚𝑎𝑥𝐿 × 𝐿𝑄                                                                                                     (Eq. 2.5) 
Generally, adsorption on solid surface follows Freundlich adsorption isotherm [8]. This 
isotherm is represented by the following equation (Eq. 2.6) [8]: 
𝑄 = 𝐹 × 𝐶𝑛                                                                                                             (Eq. 2.6) 
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Eq. 2.6 can be linearized to Eq. 2.7: 
𝑙𝑜𝑔𝑄 = 𝑙𝑜𝑔𝐹 + 𝑛𝐿𝑜𝑔𝐶                                                                                           (Eq. 2.7) 
Where, Q is the adsorbed quantity of the adsorbate, C is the remained quantity of the 
adsorbate, F and n are two constants [8]. 
Studies show that the applicability of heterogeneous photocatalysis is not only confined 
to the degradation of organic and emerging pollutants, but also equally competent for 
microbial disinfection [9]. In the year 1985 it was first established that microorganisms 
can be deactivated by photocatalysis [10]. The study was done on E. Coli bacteria. Till 
then several studies have been carried out on photocatalytic disinfection processes. 
Although, microbial cells consist of different lipids, proteins, nucleic acids (DNA and 
RNA) and polysaccharides, which can be attacked by OH•, however in most cases these 
compounds are surrounded by a rigid cell wall. Hence the first idea of disinfection 
mechanism comes from the fact that may be the first step of any photocatalytic 
disinfection involves the dilapidation of cell wall [9]. In different studies, it has been 
shown that OH• can successfully attack and completely damage the primary structures of 
amino acids [11, 12] and DNA [13]. So far, these degradations have been considered as 
the most convincing methods of disinfection. 
2.1.2 Design Parameters of Photocatalysis 
As already mentioned in the previous sections, photocatalysis poses diverse advantages 
over the conventional chemical water treatments. The catalysts used here are mostly 
chemically inert, non-hazardous, inexpensive and can be used for several cycles. 
Moreover, the low energy requirement of the process makes it even more economically 
viable. The average energy requirement of a photocatalytic reaction is as low as 1 – 5 W 
m-2 [14]. Studies show that few modifications of the photocatalysts, can make the 
photocatalytic process solar light-driven, thereby replacing expensive UV lights and 
making it more cost effective. Table 2.1 shows a comparison between estimated cost of 
different water treatment processes [15]. 
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Table 2.1: Cost estimation of different water treatment processes 
Capacity Cost in USD 
M3/hr Activated carbon UV/O3 Photocatalysis 
5.0 7.8 13.0 9.9 
18.0 4.3 6.3 4.4 
36.0 3.2 4.9 3.2 
145.0 2.2 3.8 2.3 
385.0 2.0 3.1 2.0 
Hence, from Table 2.1, it can be easily concluded that photocatalysis is either comparable 
or comparatively more economically viable than the other water treatment processes. 
However, despite of many potentialities, there are few factors for which the 
photocatalysis has not yet been entirely commercially exploited. The two major factors 
which hinder the commercial use of this technology: i) the low photocatalytic efficiency 
with respect to the photoreactor configuration and (ii) the lack of instances and guidelines 
of the process from being scaled up commercially [4].  
TiO2 as a photocatalyst can be used as slurry as well as in immobilized state. Both design 
techniques have their own pros and cons. When TiO2 is being used in a slurry, number of 
active sites are significantly higher than the immobilized catalyst. Hence the activation 
rate is higher. But filtration of catalyst at the end of the process is a challenge due to the 
fine particle size of the catalyst. Hence the rate of recyclability decreases, and the cost of 
separation membrane increases. In case of immobilized TiO2, no filtration is required 
after the application. However, due to the immobilization, the number of active sites on 
the catalyst surface decreases, thereby reducing its activity. There are several studies 
which addresses these reactor design and catalyst parameters to enhance the efficiency of 
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the overall process [16-19]. This section will illustrate some of those design parameters 
for photocatalysis. 
In conventional chemical reactor design the parameters which are mostly considered are 
mass transfer, mixing rate, flow pattern, reaction kinetics, catalyst fixing, temperature 
regulator, reactant – catalyst contact etc. [14]. However, for photocatalytic reactor the 
most important design factor is the catalyst illumination because the higher the 
illumination the more is the catalyst activation, hence higher is the oxidation rate [14]. 
According to a study, the volume of a photocatalytic reactor can be expressed by the 
following equation (Eq. 2.8) [14]: 
𝑉𝑟 =
𝑄𝑋𝐶𝑖𝑛
Κℜ
                                                                                                                 (Eq. 2.8) 
Where, Q is the volumetric flowrate, Vr is the reactor volume, X is the fractional desired 
conversion,  is the illuminated catalyst surface area in contact with reaction liquid and  
is the average mass destruction rate. According to Eq. 2.8, one can say that Vr will be 
small when  and  are substantially high [14]. 
In recent years, several types of reactors have been patented for photocatalysis. These 
reactors can be generally categorised into four categories [16]: i) slurry type reactor 
where the catalyst is being suspended in the form of slurry [7], (ii) immersion type 
reactor where light source is being immersed into the reactor [17], (iii) external type 
reactor where light source is placed outside the reactor [20], and (iv) distributive type 
reactor where the reactor includes a reflector and a light conductors [18]. Most of the 
reactors established till date are a type of slurry reactor [16]. Immobilised catalysts are 
mostly used in external type reactors [16]. Generally in external type reactors the 
photocatalyst is being immobilised on the reactor walls, internal pipe lines, on 
semipermeable membranes, glass wool matrix or on the ceramic membranes [19]. Shapes 
of  the reactors are either helical or shallow cross flow basins or spiral [16]. However, till 
date all these reactors are designed for small scale applications. For large scale 
applications only multiple number of small units have been used [16]. The  value of 
these different types of reactors are shown in the Table 2.2 [16]. 
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Table 2.2: Comparison of  value in m2/m3 for different types of reactors 
Photocatalytic 
Reactor 
, m2/m3 Parameters , m-1 Remarks References 
Slurry 
Reactor  
[
6𝐶𝑐
𝜌𝑐
]
1
𝑑𝑝
 
Dp = 0.3 m 
Cc = 0.5 
Kg/m3 
2631 (the 
actual 
value is 
much 
lower 
than this) 
Scale-up 
not possible 
[7] 
External type 
– annular 
reactor  
4𝑑0
𝑑0
2 − 𝑑𝑖
2 
d0 = 0.2 m 
di = 0.1 m 
27 Scale-up 
not possible 
[20] 
Immersion 
type – with 
classical lamps  
[
4 ∈
1−∈
]
1
𝑑0
 
d0 = 0.09 m 
 = 0.75 
133 Scale-up 
possible but 
large Vr 
[14] 
Immersion 
type with 
novel lamps  
[
4 ∈
1−∈
]
1
𝑑0
 
d0 = 0.0045 
m 
 = 0.75 
2667 Scale-up 
possible 
with small 
Vr 
[14] 
Distributive 
types with 
hollow tubes  
[
4 ∈
1−∈
]
1
𝑑0
 
d0 = 0.006 m 
 = 0.75 
2000 Scale-up 
possible 
with small 
Vr 
[18] 
There are few challenges that need to be addressed before designing a photocatalytic 
reactor. As already mentioned, the volume of the reactor (Vr) can be minimised if the 
average mass destruction rate () is high. In other words we can say that if the 
destruction rate is high we will need less amount of catalyst to be activated and hence the 
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required reactor volume will be less [14]. A high value of  can be achieved by 
modifying the photocatalyst [14]. The photocatalyst modification for higher efficiency is 
discussed in another sections. 
Another major challenge of designing a photoreactor is the requirement of a large amount 
of photocatalyst to be activated inside the reactor [14]. Even if the effective surface area 
of the catalyst is very high, then also the catalyst usually remains inside the reactor in the 
form of a thin film that eventually restricts the efficiency of the reactor. Moreover, due to 
this limitation the retention time of the reactor also eventually increases [14]. Hence the 
efficacy of a reactor can be increased by addressing these two issues. 
There are other two conventional reactors, called Classical Annular Reactor (CAR) and 
tube light reactor (TLR), which are also being used for photocatalysis. In CAR, a single 
lamp is placed in a tube or annulus through which the reactant solution passes through 
and the outer layer of the inner annulus are being coated with the catalyst [14]. A CAR 
has 0.099 m outer diameter, 0.065 m of inner diameter and 0.77 m of length. The TLR is 
an immersion type reactor which consists of 21 lamps. They have a very narrow diameter 
of 0.0045 m and catalyst is coated on its surface. The lamp is immersed inside the reactor 
liquid [14]. A comparison study of these three reactors is given in Table 2.3 [14]. 
One of the new concepts of photocatalytic reactor is the hollow tube reactor or multiple 
tube reactor (MTR) [14]. In this type of reactor, hollow tubes have been used as light 
conductors and this reactor satisfies most of the conditions for scaling it up. In this 
reactor a high surface area of the catalyst have been achieved at a relatively low reactor 
volume. In fact, 70 – 100 folds of surface area has been accomplished per m3 of the 
reactor volume as compared to the Classical Annular Reactor (CAR) [14]. In this 
innovative reactor design, the light enters through one side of the hollow tube and being 
reflected throughout the length of the tube. During these reflections the light is being 
exposed to the immobilised catalyst coated on the outer surface of the tube. Since the 
cylindrical surface area is quite huge (200 times than the light entrance area), a large 
amount of catalyst can be illuminated by this method [14]. 
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Table 2.3: Comparison of reactor specifications of CAR, TLR and MTR 
Specifications CAR  TLR  MTR  
Volume of reactor, 
m3 
3.48×10-3 5.36×10-4 1.23×10-3 
Catalyst surface 
are, m2 
0.18 0.15 0.51 
Parameter, , 
m2/m3 
69 618 1087 
Volumetric flow 
rate, m3/S 
8.42×10-5 1.67×10-5 3.00×10-5 
Electrical energy 
input, W 
400 126 40 
Scale-up 
possibilities 
No Yes Yes 
References [20] [14] [14] 
2.1.3 Photocatalysts 
Photocatalysts play the most crucial role in any photocatalytic reaction. This is the 
compound on which the overall process efficiency and capability is dependent on. The 
light energy requirement for the process and the type of light required (UV or visible) is 
also determined by the photocatalyst used in the process. From the inception of 
photocatalysis, semiconducting materials have been used as photocatalysts. 
Semiconducting materials can be defined as the compound whose electrical conductivity 
is in between that of a conductor and an insulator. The conduction band of any 
semiconducting material is either half-filled or empty, so that when it absorbs light 
energy, an electron from their valence band gets excited and are promoted to the 
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conduction band. Hence the conduction band produces an e- and the valence band 
produces a h+. This is the basic principle of the excitation of semiconductors. The 
imperative factor here is the light energy. Every semiconductors have their characteristic 
band gaps (Ebg), i.e. the energy difference between the valence band and conduction 
band. The absorbed light energy should be higher than Ebg of the semiconductor to get 
excited. Different semiconducting materials along with their different band gaps are 
presented in Table 2.4 [21]. 
Table 2.4: Common semiconductors used in photocatalysis 
Semiconductor Band 
Gap 
(eV) 
Wavelength 
(nm) 
Light 
Absorption 
Valence 
band (V 
vs NHE) 
Conduction 
band (V vs 
NHE) 
TiO2 3.2 387 UV +3.1 -0.1 
SnO2 3.8 318 - +4.1 +0.3 
ZnO 3.2 387 UV +3.0 -0.2 
ZnS 3.7 335 - +1.4 -2.3 
WO3 2.8 443 Visible +3.0 +0.4 
CdS 2.5 496 - +2.1 -0.4 
CdSe 2.5 729 - +1.6 -0.1 
TiO2 is the most widely used photocatalyst so far [21]. Other than TiO2, another widely 
used photocatalyst is ZnO. Regardless of several advantages of TiO2 there are certain 
limitations of this compound which restricts its use in the commercial scale. From the 
Table 2.4, we can see that the band gap of TiO2 is quite high (3.2 eV) and hence the 
wavelength of light energy required to excite it is less than 387 nm. Consequently UV 
light is needed to excite TiO2 molecule. Similar kind of constraint also exists for ZnO. 
Now, the process can be more environmentally friendly and economically sustainable, 
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only if it becomes sunlight-driven. Sunlight contains only around 5% UV light and 
around 46% of visible light. Hence for solar photocatalysis, where the photocatalysis is 
done solely by sunlight, only a very small portion of the sunlight can be utilised for 
catalyst excitation. That not only decreases the efficiency of the process but also makes it 
energetically inefficient. Hence, further modification of TiO2/ZnO is required so that it 
can absorb the visible region of solar spectrum. Another major concern with 
photocatalysis is the high recombination rate of e-/h+ pair which ultimately deceasses the 
overall efficiency of the process. Several modification techniques on semiconductors 
have already been studied and have been outlined in the following section. 
2.1.3.1 Doping of TiO2 
One of the most expansively studied method to overcome the above mentioned 
inadequecy of TiO2 is doping of the semiconductor with some other ions, i.e., imparting 
defect on TiO2 structures. It can be doped either by anions or cations to sesitize the 
catalyst by visible sunlight. The doping of TiO2 not only helps to sensitize it towards 
visible light but also helps prevention of e- and h+ recombination. Different types of 
doping of TiO2 are explained below. 
2.1.3.1.1 Cation doped TiO2 
One of the most extensively used method for doping TiO2 is cation doping. Doping of 
TiO2 with different types of cations like rare earth metals, noble metals, poor metals, 
transition metals has been investigated in the past few years [22-23]. The reasons behind 
the increased photocatalytic efficiency of a cation doped catalyst are listed below [23-25]: 
• It increases the light absorption range of the catalyst. Doped TiO2 can be 
efficiently activated by the visible range of solar spectrum, thereby increasing the 
energy efficiency of the process 
• The generated radicals by this process has a higher redox potential than the 
radicals generated from normal TiO2 
• It prevents the recombination of conduction band e- and valence band h+, which 
eventually increases the quantum efficiency of the process 
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There are few other reasons behind the increased photocatalytic activity of cation doped 
TiO2 [26, 27]. If TiO2 is being doped with a lower oxidation state cation (e.g., Fe3+) 
(conduction p type), to maintain the electrical neutrality, electrons from valence band are 
being removed. As a result, conduction band h+ is produced eventually. This way, the 
number of e- and h+ produced increases, thereby increasing the efficacy of photocatalysis. 
In another way, if TiO2 is being doped with higher oxidation state cation (e.g., Nb5+) 
(conduction n type), to maintain the electrical neutrality excess electron are placed in the 
empty conduction band of TiO2. This eventually also increases efficiency of 
photocatalysis. 
One of the foremost example of cation doping is doping of TiO2 with rare earth metals. 
The rare earth metals essentially includes Scandium (Sc), Yttrium (Y) and 15 lanthanoids 
[21]. According to the previous studies, the presence of incomplete 4f and empty 5d 
orbitals in these metals actually increase the rate of photocatalysis [22]. According to 
another study, rare earth metal Cerium (Ce) can also be successfully used for doping 
TiO2 [28]. There are few definite advantages of using Ce for this purpose. It helps to 
prevent the size increase of TiO2 after doping. Hence, the crystallite size of TiO2 
decreases, thereby increasing the specific surface area of the catalyst and eventually 
increasing its photocatalytic activity [28]. Moreover, the formed redox pair (Ce3+/Ce4+) 
basically acts as an electron scavenger. Hence it can trap the e- generated from TiO2, 
preventing the recombination of e- and h+. Consequently that increases the efficacy of the 
photocatalysis process. Among other rare earth metals, Gadolinium (Gd) has also been 
identified  as a very efficient doping cation for TiO2 [29]. When Gd3+/TiO2 pair is being 
prepared by sol-gel method, it provide a catalyst with lowest band gap and highest 
surface area [29]. 
Several studies have done till date on doping of TiO2 with several noble metals and 
almost all of these studies have shown promising results [21].  Noble metals like Osmium 
(Os), Palladium (Pd), Ruthenium (Ru), Rhodium (Rh), Silver (Ag), Iridium (Ir), Platinum 
(Pt) and Gold (Au) have all shown their excellence in photocatalytic activity when doped 
on TiO2 [21]. Besides, all these metals have excellent resistance to corrosion [22]. The 
activity of silver doped TiO2 has been studied for the photocatalytic degradation of 
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different model compounds like Rhodamine 6G Dye [30], Methylene Blue [31], 
Methylene Orange [32]. In all these studies it has been shown that the activity of TiO2 
increased due to the presence of silver and hence the rate of degradation of these model 
compounds also increases with Ag doped TiO2 [30-32]. The increased activity of Ag 
doped TiO2 can be attributed to the increased specific surface area of the doped catalyst 
[22]. Also, the Ag on TiO2 surface acts as an electron trap which ultimately hinders the 
recombination of e- and h+ and increases the photocatalytic activity [30-31]. 
Doping of TiO2 has also extensively being studied with transition metals. Based on 
IUPAC nomenclature, a transition metal can de defined as an element which consists of 
an incomplete d subshell [21]. Transition metals like Iron (Fe), Cobalt (Co), Nickel (Ni), 
Manganese (Mn), Chromium (Cr), Vanadium (V), Copper (Cu), Zinc (Zn), Zirconium 
(Zr) have been studied for their catalytic activity when doped with other photocatalysts 
[21]. It can be concluded that transition metals, when doped on TiO2, are effective in 
transferring the light absorption from UV to visible region. However, the photocatalytic 
activity of transition metal doped catalyst depends on few factors like the type of 
transition metal, the concentration of metal and their microstructural characteristics [33]. 
2.1.3.1.2 Anion doped TiO2 
Another promising method of catalyst doping is with anions. Anion doping primarily 
increases the photocatalytic activity of TiO2 by inhibiting the recombination of e- and h+. 
Anions like Carbon (C) [34, 35], Nitrogen (N) [36, 37], Sulphur (S) [38, 39] and Iodine 
(I) [40] have been extensively studied for their doping efficiencies on TiO2. From these 
studies it is evident that minimising the recombination of e- and h+ is more promising in 
anion doped TiO2 than in cation doped [41, 42]. It has also been shown that anion doping 
of TiO2 not only increases its photocatalytic activity but also significantly changes its 
morphology [43]. The band gap of anion doped TiO2 has been found to be much lesser 
than that of normal TiO2 [34]. As a result, anion doped TiO2 can be effectively activated 
by the use of visible spectrum of solar light. 
Among these anions, carbon doping of TiO2 has gathered much attention due to few 
reasons. When the carbon molecule is being introduced into the TiO2 structure, it leads to 
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a new state (C 2p) close to the valence band edge of TiO2 (O 2p). Accordingly, the 
conduction band of TiO2 shifts and results in a lower band gap [43-46]. Also, the specific 
surface area of the carbon doped catalyst becomes higher than the normal catalyst. Hence 
the photocatalytic activity increases due to increased number of active sites. This 
increased activity has been studied on trichloro acetic acid, where it has been found that 
the degradation of the model compound is much more efficient under solar light with 
carbon doped TiO2 than normal TiO2 [46]. This increased efficiency of carbon doped 
TiO2 is mainly due to the rapid formation of O2- and OH• under visible light [43-46]. 
Nitrogen is also gathering an immense importance for doping on TiO2 because of its 
more environment friendliness than other doping anions [45]. 
2.1.3.2 Coupled Semiconductor 
In recent years, another approach is being immensely studied which is called the coupled 
semiconductors [21], where a semiconductor is being coupled with another one to 
decrease their band gap effectively. In this approach, a high band gap semiconductor like 
TiO2 is being coupled with a low band gap semiconductor [25]. When a low band gap 
semiconductor having a more negative conduction band is being coupled with TiO2, the 
formed electron can be injected from the low band gap semiconductor to TiO2, thereby 
activating the TiO2 molecule [25]. However, the effectiveness of the process solely 
depend on the potential differences of conduction and valence bands of the two 
semiconductors [47]. It can also be said that this electron transfer will be more successful 
if the conduction band of TiO2 is more anodic than the other semiconductor [24]. In other 
words, the valence band of the second semiconductor must be more cathodic than TiO2 
[24].  
The coupled semiconductors which are primarily used for water treatments are 
MxOy/TiO2 or MxSy/TiO2 [24]. An example of MxSy/TiO2 system is CdS/TiO2. In this 
system, CdS has a lower band gap of 2.4 eV and it is one of the most extensively studied 
coupled semiconductor [48]. This system has been used to study the degradation of 
phenazopyridine where 75% degradation of the model compound has been achieved after 
60 min of light irradiation [49]. In this study a solar lamp (400 – 800 nm, 0.0212 W/cm2)  
has been used as the source of light energy [49]. Another example of MxSy/TiO2 system 
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is CdSe/TiO2. CdSe has a band gap as low as 1.74 eV and has been identified as another 
promising element for semiconductor coupling with TiO2 [50]. The efficiency of the 
system has been studied for degradation of 4-Chlorophenol. More than 30% degradation 
of the model compound and more than 20% removal of total organic carbon (TOC) has 
been achieved under solar light [50]. 
Another example of MxOy/TiO2 system is SnO2/TiO2 or ZnO/TiO2.  Both the systems 
have been used for the degradation study of methyl orange dye [25, 51]. It has been found 
that SnO2/TiO2 can degrade methyl orange to upto 95% under visible light [25]. Similarly 
for ZnO/TiO2 the degradation has been found to be 98.1% under visible light [51]. 
Another example of MxOy/TiO2 system is WO3/TiO2 which has got quite a lot attention in 
photo-electrochemistry in recent years [48]. The band gap of WO3 is 2.8 eV [52], hence it 
can be excited by the visible light. Once WO3 gets excited by visible sunlight, the 
generated h+ can be transferred from WO3 to TiO2 [53]. However, the preparation 
technique of WO3/TiO2 is quite critical and for that reason SnO2/TiO2 system is gathering 
more attention than that of the other [25]. These results clearly show the potentiality of 
using coupled semiconductors over normal semiconductors. 
2.1.3.3 Dye-sensitized photocatalyst 
Another new approach for catalyst modification is sensitization of semiconductors using 
dyes. The detailed discussion on dye-sensitization has been included in the later section 
of this chapter. The following table [Table 2.5] shows the degradation efficiencies of a 
common organic pollutant, phenol, with different modified photocatalysts mentioned 
above [54]. 
Table 2.5: Photocatalytic degradation of Phenol with different modified 
photocatalysts 
Photocatalysts Initial 
Concentration 
of Phenol 
Light Source Degradation Rate Reference 
Zn(0.5%)/ 
Fe(1%) – TiO2 
510-4 mol/L Solar light Complete 
degradation in 6 hr 
[55] 
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Au(2%) – TiO2 30 ppm Solar light Complete 
degradation in 3.5 
hr 
[56] 
Fe(0.5%) – 
TiO2 
3.5610-4 mol/L UV light 66% degradation 
in 8 hr 
[57] 
Pr(0.072%) – 
TiO2 
50 ppm UV light 94% degradation 
in 2 hr 
[58] 
La(1%) – TiO2 0.2 mmol/L UV Light 27% degradation 
in 2 hr 
[59] 
Eosin Y – TiO2/ 
Pt(0.5%) 
40 ppm Visible solar 
light 
100% degradation 
in 2 hr 
[60] 
ZnO – G/ TiO2 
– G(1%) 
40 ppm Solar Light 100% degradation 
in 1 hr 
[54] 
2.1.4 Challenges and future prospects of photocatalysis 
Heterogeneous photocatalysis can gather an immense importance in future water 
treatment processes due its enormous potential of addressing several water contaminants, 
microbes and emerging pollutants. However, due to few limiting factors it has not yet 
been commercialized in a large scale. To the best of our knowledge there are no industrial 
wastewater or industrial drinking water treatment plant at present based on photocatalysis 
technology. Although a lot of works have already been done on photocatalytic processes 
for water decontamination, there are still few issues which needs to be addressed as given 
below: 
• Generation of new catalysts that can be activated by visible sunlight, thereby 
making the process more energy efficient and sustainable. 
• Increasing the environment friendliness and sustainability of the photocatalysts 
used. 
• Designing an effective solar photo reactor that can be scaled up to the commercial 
uses. 
2.2 Dye-sensitization 
Dye-sensitization is a very commonly used technology for solar cell applications. Here, a 
dye molecule is used to sensitize a semiconductor to expand its sensitivity towards visible 
spectrum of sunlight, a method which is also known as spectral sensitization [61]. Since, 
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dye is being used to sensitize the semiconductors, it is called dye-sensitization. The same 
technology can be utilised in heterogeneous photocatalysis for water treatment where the 
photocatalyst can be modified using this principle to make the process solar light driven. 
2.2.1 Basic working principle of dye-sensitization  
In this process, a particular dye molecule gets adsorbed on the surface of the 
semiconductor. The dye usually gets chemisorbed on the semiconductor surface [62]. 
This chemisorbed dye, when illuminated by sunlight, absorbs the visible spectrum of 
sunlight and gets excited (S*) by throwing an electron from its Highest Occupied 
Molecular Orbital (HOMO) to Lowest Unoccupied Molecular Orbital (LUMO) [63]. The 
dye then gets reduced (S+) by transferring that excited electron to the conduction band of 
the semiconductor molecule, thereby exciting the semiconductor which further facilitates 
the formation of O2- [61]. The process can be summarised by the following two equations 
[Eq. 2.9, 2.10] [61]. 
𝑆 + ℎ𝜐 → 𝑆∗                                                                                                             (Eq. 2.9) 
𝑆∗ → 𝑆+ + 𝑒𝐶𝐵 (𝑆𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟)                                                                       (Eq. 2.10) 
Hence, in this process the excitation of the semiconducting material and the generation of 
reactive species are being achieved by using only visible spectrum of sunlight, thereby 
making the entire process visible sunlight driven. Besides, since in this process only e- is 
being generated, unlike e-/h+ pair, the chance of e-/h+ recombination can be eliminated. 
Thus, it not only solves the problem of UV-light driven photocatalysis but also deciphers 
the issue of e-/h+ recombination. 
For successful completion of the dye-sensitization process few specific characteristics of 
the dyes are required [61], for example, anchoring groups, energy levels and ground state 
redox potentials of the dyes used [62]. It has been found that dyes with anchoring groups 
like phosphonates or carboxylates form stronger covalent bonds with the semiconducting 
material which in turn results in fast electron injection [64]. It has been reported that 
phosphonic acid group can achieve more than 80% electron transfer with ruthenium 
complexes [65]. The order of reactivity of different anchoring groups are as follows [61]: 
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-P(O)(OH)2> -COOH> -COOR (R=alkyl group)> -COX (X=Br, Cl etc.)> -COONH2~ -
COOM (M=Na, K etc.). Few more anchoring groups that also work considerably well 
with semiconducting materials are silanes, ethers, acetylacetone, salicylates etc [64]. 
Beside anchoring groups, the energy level of the excited dye molecule should be 
comparable to that of the conduction band of the semiconducting material for a 
successful electron transfer [62]. Moreover, a fast regeneration of the exhausted dye will 
be feasible if the ground state redox potential of the dye is high [65]. 
2.2.2 Selection of dyes 
There are a number of dyes which can be used as sensitizers for semiconductors. 
Porphyrins, coumarins, phalocyanines, carboxylate derivatives of anthracine are few 
examples of such sensitizers [61]. Transition metal dyes are also being extensively 
studied nowadays due to their strong dye-sensitization properties. The transition metal 
dyes have been proved to be the best for dye-sensitization process so far [66]. Transition 
metals such as Ru(II), Fe(II), Os(II) have shown their excellent properties as dyes. These 
metals can form a d6 complex and can undergo a strong charge tranfer absoption through 
out the entire visible range [66]. However, all these transitions metal dyes consist of 
heavy metals which is not at all environmentally friendly. Besides, the systhesis process 
of these dyes are very complex and expensive. Hence, a new approach to dye 
sensitization is the use of natural dyes replacing heavy metal dyes. The source of natural 
dyes can be fruits, flowers, leaves or vegetables [61]. The following table [Table 2.6] 
shows few examples of natural dyes that has been used for dye-sensitization in several 
solar cell studies [61]: 
Table 2.6: Natural dyes used for dye-sensitization 
Extract Source References 
Rosella [67] 
Blue Pea [67] 
Jaboticaba’s skin [68] 
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Chaste tree fruit [69] 
Mulberry [69] 
Cabbage – palm fruit [66] 
Java palm [66] 
Pomegranate seeds [66] 
2.2.3 Application of dye-sensitization in water treatment 
There are several studies in literature where the dye-sensitization process have been used 
for water decontamination purposes. Those are being listed in the following table [Table 
2.7] [61]. 
Table 2.7: Dye-sensitized photodegradation of organic pollutants 
Organic 
Compound 
Sensitizer/Photocatalyst Light Source Results/Comments Reference 
CCl4 
Ruthenium bipyridyl 
complex/non-ionic 
surfactant Brij-35 
450 W arc 
Xenon lamp 
CCl4 degradation 
increased in absence 
of O2 
70 
CCl4 
Silylated [RuII(Py-
pzH)3]2+/TiO2 
100 W 
tungsten lamp 
Silyl linkage is 
highly stable in the 
pH range 1-12 
71 
Trichloro 
Ethylene 
(TCE) 
Natural anthocyanin 
dye/buoyant TiO2 coated 
microsphere 
150 W Xe 
lamp 
93% TCE degraded 
achieved under 
experimental 
condition 
72 
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Pesticides 
(Bromacil) 
(BR) 
Methylene Blue (MB), 
Red 22 
UV: 200 W; 
Natural 
sunlight 
Highest 
enhancement factor 
achieved at MB/BR 
molar ratio 0.1 
73 
Hydrazine 
RuIII(EDTA)(H2O)/Pt-
TiO2 
250 W Xe 
lamp 
Hydrazine reduced 
to ammonia 
74 
Phenol 
Zn(II) and Co(II) 
tetracarboxphthalocyanin
e/Pt-TiO2 
100 W halogen 
lamp 
With 
TcPcZn/TiO2/Pt 
33% phenol 
degradation 
achieved; with 
TcPcCo/TiO2/Pt 
phenol degradation 
was 65% 
75 
4-
Chlorophen
ol 
Coumarin 343/TiO2 P25 
81 Gilway 
“super bright” 
(Peabody MA) 
E472 W (max 
output) 
First order reaction 
kinetics followed; 
intermediate formed 
1,2,4-benzenetriol 
76 
Methylene 
Blue 
Chrysoidine G/TiO2 P25 
250 W metal 
halide lamp 
Special organic 
complexes were 
formed on the TiO2 
surface via stable -
conjugated chemical 
bonds between TiO2 
and dye-molecules 
77 
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Acid Blue 1 Eosin Y, Thionine/TiO2 
150 W Xenon 
lamp 
Decolouration of 
Eosin y due to self-
sensitized 
degradation 
78 
The above table [Table 2.7] shows that the dye-sensitization technology can be 
effectively used for water decontamination processes. However, the dyes used till date 
mostly includes heavy metal and organic synthetic dyes. Use of both these kind of dyes 
eventually decrease the environment friendliness and economic viability of the process. 
Hence, a more practical approach to this technology would be the use of natural dyes. 
Dye-sensitization technology have also been widely studied for hydrogen generation. The 
following table [Table 2.8] shows studies where this technology has been used for 
hydrogen generation [61]. 
Table 2.8: Dye-sensitized photocatalytic hydrogen generation 
Aqueous 
Mixture 
Details 
Sensitizer/Photocatalyst 
Light 
Source 
Results/Comments Reference 
Water, 
methyl 
viologen 
[Ru(bpy)3]2+; Rodamine 
B/ TiO2  
450 w Xe 
lamp 
Quantum yield 
30% 
79 
Water, 
EDTA 
[Ru(bpy)3]2+/ TiO2 P25/Pt 
500 W Xe 
lamp 
Rate of H2 
production ~5.7 
mol min-1 
80 
Water 
[Ru(dcbpy)2(dpq)]2+/TiO2-
Pt; ZnO-Pt 
250 W 
tungsten 
halogen 
lamp 
Rate of H2 
production 4.210-3 
ml min-1 with 
TiO2/Pt and 510-4 
81 
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ml min-1 with 
ZnO/Pt  
Water-
TEOA 
Eosin Y/Nanotube 
Na2Ti2O4(OH)2/Pt 
300 W 
tungsten 
halogen 
lamp 
Rate of H2 
production ~1.3 
mol min-1 
82 
Water-
TEOA 
Eosin Y/N-TiO2/Pt 
400 W high 
pressure Hg 
lamp 
Rate of H2 
production ~1.3 
mol min-1 
83 
Water-
methanol 
N719, Ru(bpy)2(him)2-
NO3, Ru2(bpy)4L1-
PF6/mesoporous TiO2/Pt 
250 W Xe 
lamp 
Rate of H2 
production ~1.3 
mol min-1 (300 C 
Calcination) 
84 
2.3   Ferrate(VI) 
Iron, having a wide range of oxidation states from 0 to 6 and vast abundance in nature, 
plays an incredibly essential role from physiological to (bio)chemical applications [85]. 
Among different oxidation states of iron, tetraoxy high-valent iron(VI), also known as 
Ferrate(VI) (Fe(VI)), is gathering an immense importance in the last few years as a 
prospective green molecule for iron batteries, disinfection of bacteria and viruses, and 
water and wastewater treatment processes [85-91]. 
2.3.1 Fe(VI) as an oxidant 
The following table [Table 2.9] shows the redox potential of different oxidising agents 
used for water and wastewater treatment [92-95]. From table 2.9 it is quite obvious that 
Fe(VI) has the highest redox potential (+2.2 V) under acidic condition than any other 
oxidising agents used for water treatment processes. Hence, it can be said that Fe(VI) is a 
highly strong oxidizing agent as compared to the others. In the oxidation process, Fe(VI) 
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itself reduces to Fe(III) which acts as a coagulating agent. Hence, one dose of Fe(VI) can 
show multimodal actions like oxidation, coagulation, and disinfection [89]. 
Table 2.9: Redox potential of different oxidants used in water treatment processes 
Oxidant Reaction E0, V 
Chlorine Cl2(g) + 2e-2Cl- 1.36 
Hypochlorite HClO+H++2e-Cl-+H2O 1.48 
Chlorine dioxide ClO2(aq)+e-ClO2- 0.95 
Perchlorate ClO4-+8H++8e-Cl-+4H2O 1.39 
Ozone 
O3+2H++2e-O2+H2O 2.08 
O3+H2O+2e-O2+2OH- 1.24 
Hydrogen Peroxide 
H2O2+2H++2e-2H2O 1.78 
H2O2+2e-2OH- 0.88 
Dissolved oxygen 
O2+4H++4e-2H2O 1.23 
O2+2H2O+4e-4OH- 0.40 
Permanganate MnO4-+8H++3e-Fe3++4H2O 1.68 
Fe(VI) 
FeO42-+8H++3e-Fe3++4H2O 2.20 
FeO42-+4H2O+3e-Fe(OH)3+5OH- 0.72 
It has been found that Fe(VI) is unstable in aqueous solution, reacts with water and 
generates molecular oxygen according to the following equation [Eq. 2.11] [89]. 
2𝐹𝑒𝐼𝑉𝑂4
2− + 5𝐻2𝑂 → 2𝐹𝑒
𝐼𝐼𝐼 + 1.5𝑂2 + 10𝑂𝐻
−                                                 (Eq. 2.11) 
40 
 
The self-decomposition of Fe(VI) primarily depends on the solution pH, temperature, 
initial Fe(VI) concentration, water constituents and the properties of the Fe(III) 
oxides/hydroxides formed during Fe(VI) decomposition [85]. 
Extensive studies have been done on the oxidation of several organic and inorganic 
pollutants by Fe(VI) including EOCs, EDCs and PPCPs [95-100]. Generally, oxidation of 
organic compounds with Fe(VI) have been found to follow second order reaction kinetics 
as shown in the following equation [Eq. 2.12] [96]. 
−
𝑑[𝐹𝑒(𝑉𝐼)]
𝑑𝑡
= 𝑘𝑎𝑝𝑝 × [𝐹𝑒(𝑉𝐼)] × [𝑋]                                                                     (Eq. 2.12) 
Where, [Fe(V)] and [X] are concentrations of Fe(VI) and the organic pollutant 
respectively. Kapp is the apparent second order rate constant [96]. The rate constants are 
mostly dependent on pH of the solution. Apparent second order rate constants (Kapp) of 
reactions of Fe(VI) with different PPCPs and EDCs are presented in the following table 
[Table 2.10]. The Kapp values reported in literatures show that Fe(VI) reacts preferably 
with electron rich organic moieties, for example, phenolic or organosulfur compounds 
[101]. 
Table 2.10: Kapp values of the oxidation of different PPCPs and EDCs with Fe(VI) 
PPCP/EDC pH Kapp (M-1 S-1) Reference 
Triclosan 7 
1.1103 102 
7.5102 103 
Bisphenol A 
7 6.4102 102, 104 
8 4.1102 102 
Sulfamethoxazole 7 
1.8103 102 
1.3103 105 
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8 7.7101 102 
Atenolol 8 0.7101 101 
Diclofenac 
7 
1.2101 106 
1.3102 102 
8 3.2101 102 
11 2.5100 106 
Ibuprofen 
8 
0.1100 107 
1.210-1 108 
9 1.510-2 108 
Carbamazepine 
7 6.7101 102 
8 1.6101 102 
Estrone 7 1.0103 109 
17 -estradiol 
7 
7.6102 102 
1.1103 109 
8 4.6102 102 
Estriol 7 1.2103 109 
2.3.2  Future direction of Fe(VI) 
Recently, it has been reported that there are quite a few EOCs whose oxidation with 
Fe(VI) is significantly slow and requires a large amount of time to get them oxidised. 
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CAF, ACE, Atenolol (ATL) are examples of such EOCs [110]. Nowadays, activation of 
oxidants are getting an immense importance to achieve enhanced oxidative 
transformation. Studies have already been done on the activation of peroxymonosulfate, 
manganese, hydrogen peroxide and persulfate [111-114]. Very few works have been 
done so far for the activation of Fe(VI) [110]. For example, a study shows the activation 
of Fe(VI) by ammonia to increase the oxidation rate of flumequine [115]. Another study 
shows the activation of Fe(VI) with simple acids for enhanced oxidative transformation 
of CAF [110]. Hence, further studies are required to understand completely the enhanced 
oxidative transformation of different EOCs, EDCs and PPCPs by activated Fe(VI), their 
mechanisms and kinetics.  
2.4 Conclusion    
As a synopsis of the literature review done above following conclusions can be made: 
• In the last few decades, AOP has been explored extensively to degrade a vast 
range of organic and inorganic pollutants and microbials. However, with each 
passing day, the nature of pollutants are also changing radically due to rapid 
industrialization and urbanization. Several new EOCs, EDCs, and PPCPs are 
generating and adding to the water bodies. Hence, the scope of AOPs are now 
required to be expanded. It has become necessary to study the removal of these 
new contaminants employing different AOPs. 
• Among different AOPs heterogeneous photocatalysis has gathered great 
prominence in last few decades due to its ability to degrade a vast range of 
organic pollutants to carbon dioxide and water. The process is environmentally 
friendly and economically viable. Widespread studies are essential to explore the 
ability of heterogenous photocatalysis for the removal of new EOCs, EDCs, and 
PPCPs. 
• Two major drawbacks of using heterogeneous photocatalysis is the requirement of 
UV-light for the process and high recombination rate of e-/h+. Several methods 
have been studied in last few years to overcome these issues, e.g, doping of 
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photocatalyst with cations or anions, use of coupled semiconductors or dye-
sensitization. All these methods have been successful to some extent to overcome 
these problems. The advantage of dye-sensitization process is that, since it 
generates only e-, it entirely eliminates the possibility of e-/h+ recombination, 
thereby increasing the overall efficiency of the process. However, most of these 
methods use heavy metals or transition metals or organic synthetic dyes. That, at 
the end, not only increases the cost of the process but also decreases its 
environmental friendliness. An area which needs to be explored in this regard is 
the use of natural dye for the process of dye-sensitization; it increases the overall 
efficiency of the photocatalytic process by eliminating the possibility of e-/h+ 
recombination, increases the energy efficiency of heterogeneous photocatalysis by 
making it solar light-driven, and increases the environmental friendliness of the 
process by replacing heavy metal and synthetic dyes by natural one. 
• Finally, Fe(VI) is another potential AOP for the removal of EOCs. Its redox 
potential shows that it is one of the most powerful oxidants for water treatment. 
Several studies have been reported of using Fe(VI) as a potential method for 
removing EOCs, EDCs and PPCPs. However, literature shows that there are quite 
a few organic contaminants whose oxidation is significantly slow by Fe(VI). Very 
few studies till date have explored efficiency of activated Fe(VI) for enhancing 
the oxidations of organics. Hence, activation of Fe(VI) can be further studied to 
enhance the oxidative transformations of different EOCs, EDCs and PPCPs.             
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Chapter 3  
3 Study of Solar Photocatalytic Degradation of 
Acesulfame K to Limit the Outpouring of Artificial 
Sweeteners 
3.1 Introduction 
Increasing scarcity of potable water for both mankind and aquatic lives is a pressing issue 
in today’s world and has turned out to be a driving force for wastewater treatment and 
recycle. However, one of the major concerns for wastewater treatment nowadays are the 
emerging pollutants. According to US-EPA (United States - Environmental Protection 
Agency), emerging pollutants can be defined as those compounds which do not have a 
regulatory status and whose adverse effects have not been adequately studied [1]. 
Emerging pollutants include a list of chemicals such as pharmaceuticals, pesticides, 
hormones, and personal care products [2]. They are being used in large amounts all over 
the globe, and hence their release in the water bodies are very difficult to restrict [3-5]. 
Also, their resistant nature towards the conventional wastewater treatment processes 
increases their abundance in water bodies. 
In recent years, artificial sugars which are widely used as sugar substitutes have been 
identified as an emerging pollutant. They are usually treated as food additives due to high 
sweetening intensity and are extensively used in various food products not only as a low-
calorie supplement but also to increase the shelf life of the cooked food [6]. Currently, six 
types of artificial sweeteners are approved by the European Union to be used as food 
additives: Acesulfame, Aspartame, Cyclamate, Saccharin, Sucralose and Neohesperidin 
Dihydrochalcone [7]. Among these, four artificial sweeteners are extensively used as a 
sugar substitute nowadays; those being Acesulfame, Cyclamate, Saccharine, and 
Sucralose. Most of these compounds do not readily metabolize in our body and hence 
excreted as it is in the form of their mother compound and consequently are widely found 
in wastewater bodies all over the world [8]. It has been found that Cyclamate and 
Saccharine can be successfully degraded in any conventional wastewater treatment plants 
by more than 90% [7]. However, Sucralose and Acesulfame usually pass the wastewater 
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treatment plants almost unchanged since they cannot be treated by primary and secondary 
treatments. Hence, these sweeteners proceed to the water bodies unaltered. As a result, 
the amount of these sweeteners found in water bodies is quite high. Even Acesulfame 
content of effluent and influent water of several wastewater treatment plants in 
Switzerland [9], Germany [10, 11], Canada [12, 13], and Israel [10, 11] have been found 
to be in the range between 60-80 µg/L, which is unexpectedly high. Long-term exposure 
of Acesulfame in the marine ecosystem has shown adverse effects on aquatic life [14]. In 
a study carried out in 1997, it has been stated that prolonged and excess exposure of 
Acesulfame on mice showed mutagenic transformations on their bone structure [14]. 
Consequently, the presence of high concentration of Acesulfame in groundwater bodies 
may have similar effects on aquatic life. Hence, Acesulfame has been chosen as the 
model compound for this study. Acesulfame is usually present in nature as the potassium 
salt. Hence it is termed as Acesulfame K, and in this study, it is termed as ACE. 
Several attempts have been made to degrade ACE through different methodologies. 
Biological processes show less effectiveness on the degradation of ACE due to its 
resilient nature to biodegradation under both aerobic and anaerobic environment [15, 16]. 
Up to 80% removal of ACE was observed in a recent bench-scale study with the 
activated sludge sequencing batch reactor [17, 18]. One of the studies involve 
degradation of ACE by ozonation [19]. Results show that although degradation of the 
compound can be achieved by ozonation, yet, it leaves behind several oxidation 
byproducts. It has also been reported that some of the photo-induced transformation 
byproducts from ACE are more toxic than the original compound [20]. An electro-
oxidation method for ACE degradation has been reported recently that involves the use of 
three different anodes: Pt, PbO2, and BDD anode [21]. High removal of ACE was 
achieved by this method, but the electrodes involve the use of heavy metals, which is 
undesirable. 
Degradation of ACE was also achieved by direct photolysis with varying experimental 
conditions for different water matrix. In one of the studies [22], the photolytic 
degradation of ACE has been investigated under UV light at different pH while in 
another similar photolysis study, it has been carried out with pure UV light [23]. In these 
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studies, the removal of ACE has been found to be high, but the fate of the intermediates 
formed was not studied and the intermediates identified have also been found in tap water 
samples [23]. Another photolysis study of ACE is done under natural sunlight both in 
sterilized and unsterilized conditions [20]. This study exhibits that ACE is not at all 
degradable under sunlight in the absence of any microbes. Degradation of ACE under 
natural sunlight can be achieved in the presence of microbial entities at an extremely slow 
rate [20]. These results clearly indicate the inefficiency of using natural sunlight for ACE 
degradation. 
Among different advanced oxidation processes, heterogeneous photocatalysis has 
gathered immense importance due to its promising potential in degrading wide range of 
organic pollutants [24]. In heterogeneous photocatalysis, a solid semiconductor is used as 
a photocatalyst. When the semiconductors are illuminated with light energy equal or 
higher than their band gap energy, they produce e-/h+ pairs. The produced h+ acts as a 
oxidizing agent and e- as a reducing agent [25-27]. The most extensively used 
semiconductor as photocatalyst is titanium dioxide (TiO2) because of its high stability, 
non-toxicity, corrosion resistant, water insolubility, excellent optical transparency (both 
visible and infrared light) and low cost [27, 28]. Generally, the valence band holes react 
either with water or with the hydroxide ion (OH-) to form hydroxyl radical (OH●). 
Organic pollutants also interact with either h+ or negative e- and gives rise to an unstable 
intermediate. This unstable intermediate ultimately reacts with the hydroxyl radical 
formed to form low molecular weight products. These low molecular weight products 
subsequently degraded to carbon dioxide and organic acid [27, 28]. In our knowledge, till 
date, very few studies have been published on the photocatalytic degradation of ACE [29, 
30]. In one of the studies [29], Cerium doped ZnO and TiO2 were used as photocatalyst, 
and it has been concluded that Cerium doped ZnO can achieve higher degradation than 
TiO2. In another study [30], TiO2 and UV-C light was used for the degradation of ACE. 
However, both the studies lack dearth of detailed parametric analyses, complete 
mineralization study and quantum yield calculation. 
This study explores photocatalytic degradation of ACE under simulated solar light (UV-
Vis) with TiO2 semiconductor as a photocatalyst. Prior to photocatalytic reactions, a 
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series of batch adsorption experiments (dark reactions) were conducted to evaluate the 
adsorption capacity of ACE over the TiO2 photocatalyst and to determine the 
equilibration time for adsorption in the absence of solar light. The photocatalytic process 
has been systematically studied in full solar spectrum (300-650 nm) by altering reaction 
conditions including (i) initial ACE concentration, (ii) photocatalyst loading and (iii) 
solar light intensity. Dissolved Organic Carbon (DOC) analysis was performed to 
establish successful degradation of reaction intermediates during ACE photocatalysis. 
Quantum yield study has also been done to determine the efficiency of the photocatalytic 
process. Additional experiments have been performed using ZnO as the photocatalyst 
keeping all other reaction parameters constant to compare the photocatalytic activity of 
TiO2 with ZnO. 
3.2 Experimental 
3.2.1 Materials 
ACE with 99% purity was procured from Sigma-Aldrich Company. HPLC Grade 
Methanol with 99.8% purity was purchased from Alfa-Aesar. TiO2 (Aeroxide P25: 80–
20% anatase to rutile, 30 nm particle size) was bought from Evonik Industries and ZnO 
was acquired from Inframat Advanced Materials (Purity: 99.7+%, 21 nm particle size). 
Ultra-pure water (18.2 M.cm) was prepared from an in-house EASYPure RODI system 
(Thermo Scientiﬁc, Canada). All chemicals used were analytical grade and used without 
any further purification. 
3.2.2 Instruments, analytical procedures and photoreactor 
Solar Simulator: A solar simulator was used to generate the solar light for photocatalytic 
experimental studies. The solar simulator model (SS1KW, Sciencetech, Canada) has the 
following specifications: 1000 W Xe arc lamp and an Air Mass (AM) 1.5G filter; the 
simulator being capable of producing indistinguishable simulated 1 Sun irradiance of 100 
mW/cm2 at full power. Basically, it matches the global solar spectrum at sea level 
[Appendix A, Fig. S3.1] [31, 32]. The incident light intensity was measured with 
StelerNet instrument. Photon flux was calculated from the irradiance data at specific 
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wavelength followed by numerical integration. To generate only visible light, a UV cut-
off filter (Omega optical, USA:  > 420 nm) was used. 
HPLC: HPLC (Agilent Technologies 1200 series, G13150 (DAD), Serial No. 
DE4259737) has been used to determine the concentration of ACE. An Altima HP C18 
column (5 μm × 150 mm × 4.6 mm) was used. The mobile phase was composed of 70% 
methanol and 30% MilliQ water with a flow rate of 0.8 mL/min. The temperature of the 
column was maintained at 25 °C throughout the analysis, and the injection volume of the 
sample was 20 µL. The wavelength of analysis for ACE was 220 nm. The calibration plot 
and spectra of ACE in HPLC using this method is presented in the appendix [Appendix 
A, Fig S3.2, S3.3]. 
TOC Analyzer: Total Organic Carbon Analyzer from Shimadzu has been used to 
determine the amount of dissolved organic carbon (DOC) of the solution in the 
mineralization study. 
Photoreactor: Photocatalytic reactions were carried out in a Pyrex glass reactor (11 cm 
diameter, 6.3 cm height) with a ﬂat window at the top for illumination. The details of the 
reactor can be found elsewhere [33]. 
3.2.3 Experimental details 
3.2.3.1 Adsorption study 
Adsorption study was performed to establish the adsorption isotherm and to determine 
the adsorption equilibrium coefficient. The principal goal is to determine the time at 
which the adsorption of ACE on the photocatalyst surface reaches equilibrium and 
consequently, the ACE concentration reaches a constant value. The study was performed 
with five different initial concentrations of ACE and at three different pH for each initial 
concentration. The initial concentrations of ACE were taken to be 10, 20, 30, 40 and 50 
mg/L; whereas the three pH values were 6, 7 and 8. TiO2 (1 g/L) was added to the initial 
ACE solution and pH of the reactant mixture was adjusted with 0.01M NaOH solution. 
Then the suspension is kept under dark (light turned off) with constant stirring. Samples 
were collected every half an hour for two hours. 
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3.2.3.2 Parametric study of photocatalytic degradation 
In any photocatalytic degradation study, few factors that play crucial roles are incident 
light intensity, initial pollutant concentration, and photocatalyst dosage. However, there 
are several other factors that need to be considered during photocatalytic reactions, such 
as solution pH, incident light wavelength, water matrix, and photocatalyst type [33]. In 
this paper, the effect of incident light intensity, initial pollutant concentration, and TiO2 
dosage have been studied extensively. At first, the study of different photocatalyst 
loading was performed to determine the optimum dosage of photocatalyst for ACE 
degradation. The study has been carried out with six different TiO2 dosages: 0.2, 0.4, 0.6, 
0.8, 1.0 and 1.5 g/L. Experiments for all these six dosages were conducted with five 
different initial concentrations of ACE ranging from 10 to 50 mg/L. All studies were 
done with 150 ml of initial ACE solution. Besides, all the samples of ACE were collected 
by filtration with 0.45 µm filter to avoid the suspended TiO2. After collecting samples, all 
the ACE concentrations have been determined by HPLC as mentioned earlier. The high 
initial concentration of ACE was chosen to have an accurate analysis in HPLC. In all 
subsequent photocatalytic degradation experiments, one hour was allowed for dark 
reaction (in absence of light letting establishment of adsorption equilibrium) before 
exposing the suspension to solar light for photocatalysis study. Similarly, to study the 
effect of light intensity on ACE degradation, five different light intensities (20, 40, 60, 80 
and 100 mW/cm2) were used for five different initial concentrations of ACE ranging 
from 10 to 50 mg/L. Finally, complete mineralization study of ACE was performed to 
confirm the complete degradation of ACE and the reaction intermediates. All the above-
mentioned degradation studies have been performed with constant stirring and continuous 
aeration using an air pump. All studies were performed under solar light (300-650 nm) 
using the solar simulator. TiO2 can only be excited by the absorption of UV spectrum of 
the solar light. The height of the light source above the sample in the reactor was 39 cm. 
Entire solar spectra was used since in real-life solar photocatalysis applications no one 
will use any UV cut-off filter. In calculations of Quantum Yield, both solar-UV as well as 
full spectral range of the solar simulator were used. 
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3.3 Results and discussion 
3.3.1 Adsorption study 
The pH of the aqueous solution is usually a key parameter in adsorption and 
heterogeneous photocatalysis, and thus, the influence of pH was studied. The point-of-
zero charge (pzc) for TiO2 is around 6.8 [34], and hence at a pH less than 6.8, the TiO2 
surface is positively charge. ACE having a low pKa value is present in dissociated form 
in solution and as a result, is attracted towards the positively charged TiO2 surface when 
solution pH is lower than 6.8. In this study, pH range of 6 to 8 has been selected for the 
adsorption study. Dark reaction studies showed that the equilibrium concentration of 
ACE was reached after one-hour fixed catalyst loading irrespective of ACE initial 
concentration. In this range, it was observed that pH has less significant role on the 
adsorption since equilibrium concentration has reached at the same time, and the 
measured adsorption coefficient values are also very close to each other at all the pH 
values. As expected, the adsorption coefficient at pH 6 has been found to be slightly 
higher than that of pH 7 and 8 because of the pzc value of TiO2. Hence, all the further 
studies have been carried out at pH 6. Both Langmuir and Freundlich adsorption isotherm 
has been fitted to the adsorption data, and it has been seen that the adsorption of ACE fits 
better to Freundlich Adsorption Isotherm than Langmuir adsorption isotherm with r2 
value as high as 0.96 in the specified pH range. Freundlich Adsorption Isotherm is given 
by the following equation [Eq 3.1]: 
𝑄𝑒 = 𝐾𝑓 × 𝐶𝑒
1
𝑛                                                                                                            (Eq 3.1) 
where, Qe is ratio of mass of adsorbate to the mass of adsorbent, Kf is the Freundlich 
adsorption constant, Ce is the equilibrium concentration of adsorbate in solution and n is 
the adsorption intensity. The Freundlich adsorption isotherm is shown in the figure [Fig 
3.1]. The Langmuir fit curve is provided in the appendix [Appendix A, Fig 3.4]. The 
Freundlich isotherm fit of ACE adsorption on TiO2 indicates that it mainly follows 
chemisorption. There are few literatures where it is said that Freundlich isotherm fit 
indicates heterogeneity of the surface, which means both strong and weak binding sites 
are available for adsorption [35]. The presence of both strong and weak binding site 
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ultimately results in multisite adsorption process for the adsorbate ion [35]. From the 
Freundlich adsorption isotherms, the adsorption constant value was found to be 0.002 
L/mg. 
 
Figure 3.1: Freundlich Adsorption Isotherm fit of ACE on TiO2 surface at pH 6 
3.3.2 Photolysis vs photocatalysis 
A comparative study of photolysis and photocatalysis was performed to observe the 
effect of photolysis. For these two sets of experiment, an initial ACE concentration of 40 
mg/L has been taken and pH was adjusted to 6. In one set, 1 g/L TiO2 was added to the 
solution while in the other set, no photocatalyst was added. In both the cases, solar light 
intensity of 100 mW/cm2 was used. The result is shown in the following figure [Fig 3.2]. 
It is evident from the figure that ACE does not undergo any degradation by photolysis, 
and hence photocatalysis is only responsible for ACE degradation. Therefore, the effect 
of photolysis on the degradation of ACE can be ignored in all subsequent studies. 
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Figure 3.2: Extent of Photocatalysis and Photolysis Reactions of ACE. Experimental 
conditions: [ACE]o = 40 mg/L, pH = 6, TiO2 = 1 g/L, I = 100 mW/cm2 
3.3.3 Parametric study of photocatalytic degradation 
3.3.3.1 Rate constant determination 
The principal objective of the parametric study was to investigate the influence of 
different parameters on the initial rate of ACE degradation. Since the degradation of ACE 
with TiO2 follows pseudo-first order rate kinetics [Appendix A, Fig S3.5], the initial 
degradation rate (dC/dt) can be written in the following form [Eq 3.2]: 
𝑑𝐶
𝑑𝑡
= 𝑘𝑟𝐾𝑎𝑑𝑠𝐶 = 𝐾𝑎𝑝𝑝𝐶                                                                                           (Eq 3.2) 
Or, 𝑙𝑛
𝐶
𝐶0
= 𝐾𝑎𝑝𝑝𝑡 
where, kr is the degradation rate constant; Kads is the adsorption constant determined from 
the Freundlich Adsorption Isotherm, C is the concentration of ACE and Kapp is the 
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apparent rate constant. The Kapp obtained by fitting experimental results with pseudo 
first-order kinetics is 0.060  0.005 min-1. 
3.3.3.2 Effect of TiO2 loading 
One of the most important parameters for photocatalytic degradation study is the 
photocatalyst loading. The initial degradation rate of ACE was measured keeping pH of 
the reactant mixture at 6.0 and light intensity at 100 mW/cm2. The samples were 
collected and analyzed with HPLC. It was found that as the TiO2 loading was increased, 
the degradation rate also increased up to a TiO2 dosage of 0.8 to 1.0 g/L but on increasing 
further from 1.0 to 1.5 g/L, the rate of degradation decreased gradually [Fig 3.3]. This is 
expected due to TiO2 particle agglomeration and shielding of light. With the increase of 
catalyst loading, TiO2 particles agglomerate reducing availability of active catalyst sites 
as well as all active sites do not receive enough light for activation due to shielding effect 
thereby reducing photocatalytic degradation rates [36]. Hence, 0.8 to 1.0 g/L is the 
optimum dosage of TiO2 for degradation of ACE under solar light. All subsequent 
experiments were done with catalyst loading of 1.0 g/L. 
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Figure 3.3: Effect of TiO2 dosages on initial rate of degradation of ACE. 
Experimental conditions: [ACE]o = 40 mg/L, pH = 6, I = 100 mW/cm2 
3.3.3.3 Effect of initial concentration 
Photocatalytic degradation rates were measured for five different initial concentrations of 
ACE, keeping all other variables constant: pH at 6, dark reaction (adsorption) for 1-hour, 
light intensity at 100 mW/cm2 and TiO2 loading at 1 g/L. In this study, it has been found 
that as the initial concentration was increased, the degradation rate decreased. Similar 
results can also be found in other studies [33]. This phenomenon can be explained by the 
fact that at a specific concentration, the surface of TiO2 becomes saturated with ACE and 
further increase in concentration does not affect the adsorption anymore. As a result, the 
degradation rate decreases at higher initial pollutant concentration [33]. The maximum 
degradation has been found when the initial concentration of ACE is 10 and 20 mg/L. In 
these two cases, 100% degradation was achieved within 30 minutes. However, 95%, 89% 
and 82% degradation of ACE was achieved for initial concentrations of 30, 40 and 50 
mg/L respectively. The results are shown in Figure 3.4. Besides, degradation of ACE 
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follows pseudo-first-order reaction kinetics [Appendix A, Fig S3.5]. In other literature, as 
well it is evidenced that the photocatalytic degradation of different organic compounds 
with TiO2 follows pseudo first-order reaction kinetics [33, 36]. 
 
Figure 3.4: Effect of initial concentrations on photocatalytic degradation of ACE. 
Experimental conditions: pH = 6, [TiO2] = 1 g/L, I = 100 mW/cm2 
3.3.3.4 Effect of light intensity 
The main objective of this study was to find a correlation between the light intensity and 
initial degradation rate constant of ACE. The degradation rate constant, kr, was 
determined as mentioned above [Eq 3.2] for five different light intensities keeping all 
other parameters constant: pH at 6.0, dark reaction (adsorption) for 1 hour and TiO2 
loading at 1 g/L. Figure 3.5 shows the variation of degradation rate constant, kr with light 
intensity. Figure S3.6 (Appendix A) depicts the degradation of ACE for five different 
initial concentrations under five different light intensities. From the following empirical 
correlation [Eq 3.3] it can be said that as the light intensity is increased the degradation 
rate also increases in an order as depicted by the following equation [Eq 3.3]. 
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𝑘𝑟 = 0.87 × 𝐼
0.80                                                                                                     (Eq. 3.3) 
Here, kr is the degradation rate constant, and I is the incident light intensity. It was found 
that the degradation rate constant is proportional to I where  is 0.80. No reported result 
has been found in the literature for dependencies of light intensity on reaction rate 
constant for ACE. However, similar power law dependencies on light intensity can be 
found for degradation of 4-Nitrophenol with TiO2 [36]. 
 
Figure 3.5: Correlation between degradation rate constant of ACE and light 
intensity 
3.3.4 Mineralization study and possible mechanism 
The degradation (oxidation) mechanism of ACE is explained by several authors. 
Ozonation based transformation of ACE leads to ring cleavage at the C=C producing 
aldehyde hydrate and acidic by-products. Under sunlight irradiation, ACE solution could 
undergo hydrolytic transformation producing sulfamic acid and several other 
intermediates [19, 20, 37, 38]. The following Scheme [Fig 3.6] shows the plausible 
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mechanism of ACE degradation through photocatalysis where it can be initiated via the 
formation of hydroxyl radicals at the TiO2 surface. 
 
Figure 3.6: ACE Photocatalytic degradation scheme in solar irradiation 
From the above, it can be clearly stated that there are quite a few intermediates that are 
formed from the oxidation of ACE. Sometimes, the intermediates can be more 
detrimental than the mother compound. However, as per our knowledge, none of the 
earlier studies are concerted on the degradation of these intermediate compounds. Hence, 
detection of these intermediates is required for understanding how these can be degraded 
along with the required time of their degradation. It is, therefore, necessary to do a 
mineralization study to see if the compound can be mineralized completely. For this 
study, 50 mg/L solution of ACE was taken and was being exposed to light continuously 
for 8 hours at an intensity of 100 mW/cm2 and TiO2 loading of 1 g/L with constant 
aeration. Like earlier, the pH of the solution was adjusted to 6. The sample was taken 
every two hours. Two analyses were performed on each sample collected - one to 
determine the concentration of the ACE using HPLC, and the other for the DOC analysis. 
The DOC study is done to know if ACE and all the formed intermediates have degraded 
to carbon dioxide and water. From the effect of initial concentration, it has already been 
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established that as the initial concentration of ACE is increased, the rate of degradation 
decreases. Hence, here the highest concentration of ACE was selected to see whether full 
mineralization can be achieved, and the time required for complete mineralization. It was 
observed that within first two hours the concentration of ACE decreased by 98.9%, 
whereas the decrease in DOC was only 65.4%. The result clearly states that although all 
the sugar has been degraded in first two hours, the formed intermediates are still in the 
solution. However, after four hours, the DOC decreased by 91.9%, and within six hours, 
the value dropped to zero. Hence in our studies it was found that ACE can be degraded 
completely to carbon dioxide and water within six hours of solar photocatalytic reaction. 
Besides, since one of the studies reported that few of the photo-induced transformation 
products from ACe are more toxic than the parent compound [20], this study shows no 
health risk is associated with intermediates. The result of the mineralization study is 
shown in the Fig 3.7. 
 
Figure 3.7: Mineralization study for photocatalytic degradation of ACE. 
Experimental Conditions: [ACE]o = 50 mg/L, pH = 6, [TiO2] = 1 g/L, I = 100 
mW/cm2 
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3.3.5 Quantum yield calculation 
Quantum yield is defined as the rate at which molecules undergo a given event 
(conversion of reactants or formation of products) per photons absorbed per unit time. 
The overall quantum yield for the degradation of ACE (overall) can be expressed as the 
number of molecules (Nmol (ACE)) undergoing degradation relative to the number of 
quanta Nph absorbed by the photocatalyst (TiO2) [Eq 3.4] [38]. 
∅𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
𝑁𝑚𝑜𝑙[
𝑚𝑜𝑙
𝑠
]
𝑁𝑝ℎ [
𝐸
𝑠
]
                                                                                                   (Eq 3.4) 
However, in a heterogeneous photocatalytic system, it is difficult to determine the 
number of absorbed photons accurately due to several factors such as scattering, 
transmission, and reflection of incident photons. Therefore, apparent quantum yield (app) 
is used to express the efficiency of the photocatalytic processes. In our case, 
photocatalytic degradation of ACE could be expressed as follows [Eq. 3.5] 
∅𝑜𝑣𝑒𝑟𝑎𝑙𝑙 > ∅𝑎𝑝𝑝 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐴𝐶𝐸 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
                                               (Eq. 3.5) 
Incident light intensities were measured with StelerNET instrument. Table 3.1 shows the 
apparent quantum yield values at different light intensities. At lower intensity, the 
apparent quantum yields were much higher due to reduced electron-hole recombination 
rate. TiO2 showed photoactivity only under UV light (300-388 nm), and no visible light 
activity was observed in our experiment. So, at a lower light intensity (20 mW/cm2), if 
only 300-388 nm range of wavelengths were considered, much higher apparent quantum 
yields (8.16 %) can be achieved than under full solar light (0.67%). 
Table 3.1: Apparent quantum yield for ACE degradation under simulated solar 
light 
Xe Lamp Light intensity, mW/cm2 
20 40 60 80 100 
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 Wavelength, 
nm 
Apparent Quantum Yield, % 
UV 300-388 8.16 7.00 4.12 3.38 2.53 
Solar 300-650 0.67 0.59 0.36 0.30 0.02 
3.3.6 Photocatalytic degradation of ACE with ZnO 
Another set of experiments were performed to see the effectiveness of TiO2 on the 
photocatalytic degradation of ACK over ZnO. Other than TiO2, the most extensively used 
semiconductor for photocatalysis is ZnO. Hence here same initial concentration (40 mg 
L-1) of ACE solution is individually being treated with both ZnO and TiO2. In both the 
cases the photocatalyst dosage (1 g L-1), light intensity (100 mW cm-2) and pH (6) are 
kept constant. Finally, the rate of degradation is being compared in both cases. Figure 3.8 
shows that for the same experimental conditions, 65% degradation of ACE is achieved 
using ZnO compared to 89% for TiO2. The results also show that the adsorption of the 
ACE on the surface of the TiO2 photocatalyst is higher than that of ZnO under 
experimental condition, which most likely is resulting in higher degradation. The removal 
of ACE achieved by different studies along with in this study is summarized in in Table 
3.2. 
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Figure 3.8: Comparison of photodegradation of ACE with TiO2 and ZnO. 
Experimental condition: [ACE]o = 40 mg/L, I = 100 mW/cm2, pH = 6, [TiO2] = 
[ZnO] = 1 g/L 
Table 3.2: Comparison of degradation of ACE by different method 
Method of 
degradation 
[ACE]o, 
mg/L 
Parameters % Removal Reference 
Ozonation 0.76 pH = 3 and 7.5 
[O3] = 17 mg/L 
100% (in 25 min) 19 
Electro-oxidation 100 Current = 0.1 
A/cm2 
Electrode: 
Pt, PbO2, BDD 
72% (Pt, in 120 
min) 
100% (PbO2, in 
90 min) 
21 
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100% (BDD, in 
30 min) 
Photocatalysis - 
Ce-doped ZnO 
Xenon arc lamp 
I = 750 W/m2 
~70% (in 90 min) 29 
Photocatalysis 400 
TiO2 
UV (254 nm) 
100% (in 19 
hours) 
30 
Photocatalysis 10 - 50 
TiO2 
Solar light using 
solar simulator 
I = 20-100 
mW/cm2 
pH = 6 
100% (in 10 min) This study 
3.4 Conclusions 
In recent years, ACE has been identified as an emerging pollutant found in different 
water bodies. In this study, it was found that photocatalytic degradation/mineralization is 
very promising for ACE compared to other existing methods. Solar photocatalytic 
degradation and complete mineralization of ACE was successfully achieved with an 
apparent quantum yield of 0.02% at 1 sun. Adsorption of ACE is performed as a function 
of pH, which follows a Freundlich isotherm suggesting a predominant chemisorption 
over TiO2 surface. ACE does not show any photolysis under UV-A, however, in the 
presence of TiO2, about 84-100 % degradation was observed for initial ACE 
concentrations between 10 and 50 mg/L at a pH of 6.0 and a light intensity of 100 
mW/cm2. Photocatalyst loading was shown to be a crucial parameter for ACE 
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degradation, and the optimum dose found out to be 1 g/L, which is comparable with 
several photocatalytic degradation studies of other organic compound with TiO2. Light 
intensity was also an important parameter in photocatalytic degradation. At lower light 
intensities, the system has higher quantum yields compared to higher light intensities 
where it is limited by e-/h+ recombination. The variation of photocatalytic degradation of 
ACE with light intensity (at pH = 6 and [TiO2] = 1 g/L) was well ﬁtted with the power 
law as kr ≈ I (with  = 0.8) for light intensity range (20-100 mW/cm2). A high β value 
indicates a strong dependence of the photocatalytic degradation on light intensity. The 
highest apparent quantum yield (8%) was observed at 20 mW/cm2 and complete 
mineralization was achieved within 6 h under solar-UV light (300-388 nm). The process 
is environmentally sustainable and economically favorable since solar radiation has been 
used as the only source of light energy and TiO2 has been used as the photocatalyst, 
which is inexpensive and abundant. 
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Chapter 4  
4 Solar photocatalytic degradation of caffeine with 
titanium dioxide and zinc oxide nanoparticles 
4.1 Introduction 
Nowadays, there is a rising environmental trepidation about the contamination of surface 
waters like rivers and lakes with “new” organic pollutants. Shielding the surface waters 
from conceivable contaminations is of great importance as they are the main source of 
drinking water in many countries worldwide. Pharmaceuticals and personal care 
products, endocrine disrupting compounds and pesticides, also known as emerging 
organic pollutants (EOP), are the main contaminants of concern [1]. Not only researchers 
and scientists but also regulatory agencies are perturbed due to the negative effects of 
these harmful compounds on freshwater fish and invertebrates, and their contribution on 
the development of antibiotic resistant bacteria, while their short- and long-term effects 
on humans and animals are still unanswered [2]. For example, drugs are designed to 
interact biologically with the human and animal organisms at low doses, and when they 
are discharged to water bodies, their interaction with much smaller organisms present in 
aquatic environment and ecosystem are of considerable consternation [3]. 
Caffeine (C8H10N4O2, CAF), the most consumed alkaloid globally, is found in high 
concentrations in many natural species such as coffee, cacao seeds and also in many other 
consumed beverages (e.g. tea, coffee and energy drinks) and food products (e.g. 
chocolates and pastries) [4-6]. CAF is an elementary compound in pharmaceutical 
industry, and it is used in a variety of medicines [4, 7, 8]. Hence, large quantities of CAF 
are produced for the production of different beverages, foods and medicines and it has 
also been entered in the U.S. EPA list of High Production Volume Chemicals [4]. Thus, 
CAF can be said the most extensively used drug [4, 9-11] and also one of the two highest 
used psychostimulants globally [7, 12]. The global average consumption of CAF is 70 
mg/person/day [4, 6]. 
CAF is frequently detected at a very high concentrations in the influent and effluent of 
wastewater treatment plants (WWTP), also in surface water and groundwater bodies 
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globally. This is may be due to the high global consumption of coffee (~11.7 mg CAF/g 
commercial coffee), caffeine-contained beverages and food products. Another reason is 
the waste produced by the coffee shops and pharmaceutical industries, the discharge of 
untreated wastewater (e.g. combined sewer overflows (CSO)) and unconsumed CAF), 
CAF’s high solubility in water (21.7 g/L at 20 ̊C), and negligible volatility [8,11]. The 
concentration of CAF in different lakes and rivers across USA ranges from 3 – 1440 ng 
L-1 [13]. CAF has also been projected as an anthropogenic marker for wastewater and 
CSO contamination of surface waters [4,6,14]. The concentration of CAF in several 
surface streams and WWTP effluents has been found to be as high as 230 µg/L [15]. 
Hence, CAF has been selected as the model compound for this study. 
Oxidation processes are receiving considerable attention for degradation of EOP in water 
and wastewater [16]. The oxidation of CAF has already been investigated by different 
oxidation processes like photocatalysis [11, 17, 18], photo-fenton [19], ozone [20] and 
chlorine [21, 22]. Although the reaction of ozone with CAF was found be fast during first 
15 s of reaction time, it showed slow reaction rates afterwards [20].  The chlorination of 
caffeine was also reported to have slow reaction rates [21, 23]. The reaction between 
CAF and ferrate (VI) was also slow, and activation of ferrate (VI) was required for the 
efficient removal of CAF in water [24, 25, 26]. One of the two studies that deals with the 
photocatalytic degradation of CAF mainly concentrates on composite of carbon nanotube 
and TiO2 [17]; while the other study mainly focusses on Mg-doped ZnO [18]. In both the 
studies UV light source have been used for photocatalysis.  However, this study explores 
the use of both pure TiO2 and ZnO for CAF degradation under sunlight, thereby 
eliminating the use of expensive UV light. Besides, comparison of both the 
photocatalysts for CAF degradation have also been explored here. 
Among the different types of advanced oxidation processes, the heterogeneous 
photocatalytic degradation is the most widely used method due to its promising potential 
in degrading organic pollutants [16]. In heterogeneous photocatalysis, a solid 
semiconductor is being used as a photocatalyst. When semiconductors are being exposed 
to light, they absorb the incident light energy. When the absorbed light energy is higher 
than its band gap, it produces e-/h+ pair. The produced h+ acts as a strong oxidizing agent 
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and the e- as a strong reducing agent [27, 28]. The most extensively used semiconductors 
for this purpose are titanium dioxide (TiO2) (3.2 eV) and zinc oxide (ZnO) (3.2 eV) due 
to their high stability, non-toxicity, corrosion resistance, insolubility in water and cost 
effectivity [29, 30, 31]. Both, TiO2 and ZnO work with a similar mechanism [30]. 
Generally, the valence band holes formed by the excited photocatalyst molecule react 
either with water or with the hydroxide ion (OH-) to form a hydroxyl radical (OH•), a 
non-selective powerful oxidant [31]. 
This study explores the comparative efficiency of two different photocatalysts, i.e. pure 
TiO2 and ZnO, for CAF degradation, under solar light, replacing expensive UV light 
sources. The objectives of the present paper were to: (i) determine the efficiency of the 
solar photocatalytic process for CAF degradation with pure photocatalysts, (ii) 
investigate the adsorption of CAF over TiO2 and ZnO surfaces (dark reaction), (iii) assess 
the effect of initial CAF concentration, photocatalyst amount, and solar light intensity on 
the kinetics of the solar photocatalytic oxidation of CAF (iv) determine kinetic rate 
constants of solar-light driven photocatalytic degradation of CAF, and (v) explore 
possible mineralization of CAF indicated by dissolved organic carbon (DOC) 
measurements. 
4.2 Experimental 
4.2.1 Chemicals 
Reagent Plus grade CAF powder (≥99.0% purity) and TiO2 powder (≥99.0% purity, 
nanopowder, 30 nm particle size) were procured from Sigma-Aldrich, Canada. ZnO 
(≥99.7% purity, nanopowder, 21 nm primary particle size) was acquired from Inframat 
Advanced Materials. Methanol (≥99.8% purity) was purchased from Alfa Aesar. The 
BET characteristics of TiO2 and ZnO is provided in the appendix (Appendix B, Table 
S4.1). The surface morphologies of both the catalysts are shown in their SEM pictures 
(Appendix B, S4.2 a, b).  All chemicals were used without further purification. All 
solutions were prepared in Milli-Q water (18.2 MΩ) prepared by an in-house Easypure™ 
RODi system (Thermo Scientific, Canada). 
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4.2.2 Analytical methods 
A solar simulator was used to produce solar light for photocatalytic reactions. The solar 
simulator model (SS1KW, Sciencetech, ON, Canada) has the following specifications: 
1000 W Xe arc lamp and an Air Mass (AM) 1.5G filter. The simulator is capable of 
producing identical simulated 1 Sun irradiance of 100 mW cm-2 at full power. Basically, 
it matches the global solar spectrum (290 – 1200 nm) at sea level [33, 34]. 
CAF concentration was measured using an Agilent Technologies (1200 series) high-
performance liquid chromatography (HPLC), equipped with a ZORBAX Eclipse XDB-
C18 column (4.6× 150 mm, particle size 5 μm) and a diode array detector (set up at 272 
nm). The mobile phase was composed of 70% methanol and 30% Milli-Q water with a 
flow rate of 0.8 mL min-1. The temperature of the column was maintained at 25°C 
throughout the analysis and the injection volume of the sample was 20 µL.  
A TOC analyzer (ASI-VCPN Shimadzu) equipped with an ASI-V auto-sampler 
(Shimadzu) was used to measure DOC of CAF in the mineralization study. 
4.2.3 Photoreactor 
The reactor used for photocatalytic reactions are made of Pyrex glass (11 cm diameter, 
6.3 cm height) with a ﬂat window at the top for illumination. A schematic diagram of the 
photocatalytic reactor used in this study along with the experimental setup is shown in 
supplementary information (Appendix B, Fig S4.3). 
4.2.4 Experimental details 
4.2.4.1 Adsorption study 
At first adsorption study was performed to determine the time to reach the adsorption 
equilibrium for CAF on both the catalysts and to analyze the adsorption coefficients. For 
both the catalysts, the study was performed with five different initial concentrations of 
CAF (10 mg L-1, 20 mg L-1, 30 mg L-1, 40 mg L-1 and 50 mg L-1) at three different pH 
values (6.0, 7.0, and 8.0) for each concentration. The photocatalyst (TiO2/ZnO) amount 
was fixed to 1 g L-1 and pH of the suspension was adjusted with dilute NaOH/HCl 
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solution. Then, the suspension was kept under dark conditions with constant magnetic 
stirring and no external aeration. Samples collected every half an hour were analyzed for 
CAF. 
4.2.4.2 Photocatalytic experiments 
In any photocatalytic degradation study, factors that play important roles are incident 
light intensity, initial concentration of the pollutant, and photocatalyst concentrations. 
First, the effect of photocatalyst amount was investigated to determine the optimum 
amount of photocatalyst required for CAF degradation. The study was carried out with 
six different catalyst amounts (0.2, 0.4, 0.8, 1.0, 1.2 and 1.5 g L-1) for both TiO2 and ZnO. 
These experiments were done at five different initial concentrations of CAF ranging from 
10 mg L-1 to 50 mg L-1. All other parameters of the reaction were kept constant (i.e. pH 
of 7.0 and light intensity of 100 mW cm-2). 
To establish the effect of initial CAF concentration on its photocatalytic degradation, 
experiments were carried out with five different initial concentrations ranging from 10 
mg L-1–50 mg L-1. For both the photocatalysts, amount of 1 g L-1 was used, which is in 
agreement with the previous study of photocatalyst amount. Light intensity and pH were 
100 mW cm-2 and 7.0 respectively.  
The effect of light intensity on the degradation rate of CAF was also studied at the five 
aforementioned initial concentrations of CAF. Five different light intensities (i.e. 20 mW 
cm-2, 40 mW cm-2, 60 mW cm-2, 80 mW cm-2 and 100 mW cm-2) were used for each of 
the CAF concentration. All other reaction parameters were kept constant (i.e. pH of 7 and 
TiO2/ZnO amount of 1 g L-1). 
A mineralization study of CAF was performed with both the photocatalysts to establish 
the achievable amount of DOC removal. For this study, 30 mg L-1 solution of CAF was 
prepared and exposed to light continuously for 8 hours at an intensity of 100 mW cm-2 
with 1 g L-1 of photocatalyst (TiO2/ZnO) at pH 7.0. Sample taken every two hours were 
analyzed for CAF concentration and DOC. 
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All of the above-mentioned degradation studies have been performed with constant 
magnetic stirring and continuous aeration (O2 saturated) at constant room temperature 
(241C). O2 saturation was maintained to confirm the formation of superoxide anion 
(O2-). In accordance with the dark reaction study, all the photocatalytic studies were 
carried out after one hour of dark reaction to achieve the adsorption equilibrium. All the 
samples of CAF were collected by filtration through 0.45 µm to remove suspended 
photocatalysts. 
4.3 Results and discussion 
First of all, a photolysis experiment was performed to ensure that the CAF degradation 
achieved during the photocatalytic experiments are solely because of photocatalysis and 
not photolysis. The results are shown in the appendix (Appendix B, S4.4). The 
experiment showed that CAF does not undergo any degradation under photolysis and 
hence photocatalysis is only responsible for CAF degradation. 
4.3.1 Adsorption study  
The adsorption of CAF on the catalyst surface reached equilibrium after one hour of dark 
reaction irrespective of the initial concentration of CAF and the photocatalyst used. The 
results are shown in Fig. 4.1. 
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Figure 4.1: Adsorption kinetics of CAF (Experimental conditions: pH = 7; [TiO2] = 
[ZnO] = 1.0 g L-1) 
In the specified pH range (6 – 8), it was found that pH has a less significant role on 
adsorption of CAF for both the photocatalysts. For all the pH values studied, the 
equilibrium of CAF was achieved after 60 minutes and the obtained adsorption 
coefficients were similar. Around 5% and 10% adsorption of CAF was achieved on ZnO 
and TiO2 respectively at pH 7 during the dark reaction. However, to keep the reaction pH 
closest to neutral, all of the following studies were carried out at pH 7.0 for both the 
catalysts. The adsorption data of CAF on the photocatalysts were fitted both to Langmuir 
and Freundlich adsorption isotherms. CAF adsorption on both TiO2 and ZnO follows 
Freundlich isotherm (Eq. 4.1). The Freundlich adsorption constants obtained at different 
pH are given in the appendix (Appendix B, Table S4.5). 
𝑄𝑒 = 𝐾𝑓 × 𝐶𝑒
1
𝑛                                                                                                           (Eq. 4.1) 
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Where, Qe is the mass of adsorbate over the mass of adsorbent in mg/mg, Kf is the 
Freundlich constant (adsorption constant) in L mg-1, Ce is the equilibrium concentration 
of adsorbate in solution in mg L-1, and 1/n is the adsorption intensity. The Freundlich 
adsorption isotherm of CAF is shown in Fig. 4.2. The Langmuir adsorption of CAF is 
shown in the appendix (Appendix B, Fig S4.6). 
 
Fig 4.2 (a) 
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Fig 4.2 (b) 
Figure 4.2 (a,b): Freundlich adsorption isotherm of CAF with (a) ZnO, and (b) TiO2 
(Experimental conditions: pH = 7.0; [TiO2] = [ZnO] = 1.0 g L-1) 
At pH 7.0, the adsorption coefficient of CAF was determined as 0.0012 L mg-1 and 
0.0010 L mg-1 for ZnO and TiO2 respectively. All the Freundlich isotherm parameters of 
CAF are given in the following table [Table 4.1]. Freundlich adsorption isotherm 
signifies heterogeneity of the surface, i.e. both strong and weak binding sites are available 
for adsorption [35]. This ultimately results in multisite adsorption process for the 
adsorbate ion [35]. 
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Table 4.1: Freundlich isotherm parameters of CAF adsorption using TiO2 and ZnO 
at pH 7.0. 
Adsorbent Kf (L mg-1) n R2 
TiO2 0.0010  9.4110-5 0.98  0.02 0.997 
ZnO 0.0012  4.7110-5 1.06  
0.005 
0.999 
4.3.2 Parametric studies of solar photocatalytic degradation of 
CAF 
4.3.2.1 Rate constant determination 
The principle objective of this parametric study was to determine the effect of different 
parameters on the degradation rate of CAF. Since the solar photocatalytic degradation of 
CAF follows pseudo first-order reaction kinetics using both the photocatalysts (Appendix 
B, Fig S4.7 and S4.8), it can be described using the following rate equation (Eq. 4.2) 
[36]. 
−
𝑑𝐶
𝑑𝑡
= 𝐾𝑎𝑝𝑝𝐶                                                                                                           (Eq 4.2) 
Where, C is the concentration of CAF in mg L-1, t is the time in min, and Kapp is the 
apparent rate constant in min-1. Apparent rate constant (Kapp) can be expressed by Eq. 4.3 
[36]. 
𝐾𝑎𝑝𝑝 = 𝑘𝑟 × 𝐾𝑎𝑑𝑠                                                                                                    (Eq. 4.3) 
Where, kr is the degradation rate constant of CAF in mg L-1 min-1, and Kad is the 
adsorption coefficient of CAF in L mg-1 determined by the Freundlich adsorption 
isotherm. In Eqs. 4.2 and 4.3, 
𝒅𝑪
𝒅𝒕
  can be determined from the kinetic study, C is known 
and Kad is determined by the adsorption study. Hence, kr can be deduced conveniently 
(Eqs. 4.2 and 4.3). 
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4.3.2.2 Effect of photocatalyst amount 
To study the effect of photocatalyst amount, the initial degradation rate of CAF was 
determined for six different amounts of photocatalyst. Fig. 4.3 shows that both the 
photocatalysts have a similar effect on CAF degradation rate. As the photocatalyst 
amount is increased, the rate of degradation of CAF also increases until it reaches a 
maximum. Further increase of photocatalyst amount resulted in a decrease or no change 
of the rate of degradation of CAF. For ZnO, the degradation rate reaches maximum at 1 g 
L-1 and the initial rate gradually decreases with further increase of amount of ZnO. 
Hence, for photocatalytic degradation of CAF with ZnO, the optimum amount is 1 g L-1. 
Similarly, for TiO2, the optimum amount for CAF degradation has also been found to be 
equal to 1 g L-1. However, with further increase of TiO2, the rate of degradation remains 
almost unchanged. This phenomenon can be explained by the tendency of the 
photocatalyst’s particles to agglomerate, resulting in loss of their active sights and 
scattering of the incident light [37]. This fact can be further substantiated by the inset 
figure on Fig. 4.3. It is clearly evident that at a very low catalyst amount when all the 
active sites are available for adsorption the rate of degradation is highest. However, with 
increasing amount of catalyst the rate of degradation gradually decreases. That means all 
the active sites are not available for adsorption for the pollutants. This result is due to the 
internal mass transfer limitations caused by catalyst agglomeration [38]. Considering this 
result, a photocatalyst amount of 1 g L-1 was used to investigate the effect of other 
parameters on the solar photocatalytic degradation of CAF. 
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Figure 4.3: Effect of catalyst amount on the initial solar photocatalytic degradation 
rate of CAF (Experimental conditions: pH = 7.0; Solar light intensity = 100 mW cm-
2; O2 saturated) 
Similar results for photocatalytic degradation of organics with TiO2 were reported in 
several studies [37, 39-44]. For example, in the photocatalytic degradation of 4-
Nitrophenol on TiO2 suspension, a limiting amount of TiO2 was observed at 2 g L-1 above 
which the degradation rate reached a plateau [37]. Optimum amount of TiO2 reported for 
the photocatalytic degradation of pollutants is presented in Table 4.2 [39]. 
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Table 4.2: Optimum amount of TiO2 for different organic pollutant degradation 
Organic Pollutant 
Optimum Amount 
(g/L) 
Reference 
2- and 3- 
Chlorophenol 
2.5 [40] 
4- Chlorophenol 2.0 [41] 
4- Chlorophenol 0.5 [42] 
Carbetamide 0.2 [43] 
Acesulfame K 1.0 [44] 
Caffeine 1.0 
This 
Study 
Similar trends have also been reported for ZnO [45-47]. The results of few of these 
studies are shown in Table 4.3. 
Table 4.3: Optimum amount of ZnO for different organic pollutant degradation 
Organic 
Pollutant 
Optimum Amount 
(g/L) 
Reference 
C.I. Acid Yello 
23 
0.75 [47] 
Acid Red 14 0.16 [46] 
Methylene Blue 6.0 [45] 
Eosin Y 2.5 [45] 
Caffeine 1.0 
This 
Study 
4.3.2.3  Effect of initial concentration of CAF 
The results for both photocatalysts are shown in Fig. 4.4. The photocatalytic degradation 
of CAF follows pseudo-first order reaction kinetics for both photocatalysts (Appendix B, 
S4.7 and S4.8), which is in agreement with other photocatalytic degradation studies with 
different organic contaminants [37,39]. For both the photocatalysts, same trend was 
found; initial degradation rate of CAF increases with decreasing initial concentration of 
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CAF. This is due to the fact that at higher initial concentration of CAF the available 
number of active sites on the catalyst surface become lesser, thereby resulting in the 
decrease of degradation rate. 
 
Figure 4.4: Effect of CAF initial concentration on the initial solar photocatalytic 
degradation rate of CAF (Experimental conditions: pH = 7.0; [TiO2] = [ZnO] = 1 g 
L-1; Solar light intensity = 100 mW cm-2; O2 saturated) 
The relationship of  −
𝒅𝑪
𝒅𝒕
 with that of the initial concentration of organic pollutants have 
been found to follow similar trends with both TiO2 [37,44] and ZnO [45,47]. Many 
photocatalysis studies show that the dependency of initial rate on initial pollutant 
concentration follows Langmuir-Hinshelwood rate equation [37, 48]. The initial 
degradation rate of CAF was also found to obey the Langmuir-Hinshelwood rate equation 
following the below equation (Eq. 4.4) [48]. The Langmuir-Hinshelwood plot and the 
obtained constant values are reported in the Appendix (Appendix b, Fig S4.9, S4.10). 
𝑟0 =
𝑘𝐾𝐶0
1+𝐾𝐶0
                                                                                                                (Eq. 4.4) 
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Here, r0 is the initial degradation rate of CAF in mg L-1 min-1, K is the Langmuir 
adsorption coefficient in mg L-1 and k is a constant in mg L-1 min-1 which depends on the 
reaction conditions. Hence, k will have different values depending on the reaction 
conditions provided and thus k is not entirely significant [48].  
Under the specified experimental conditions, using ZnO, around 50% and 7% removal of 
CAF was achieved when the initial concentration was 10 mg L-1 and 50 mg L-1 
respectively after 30 minutes of reaction time. Under similar experimental conditions, 
using TiO2, around 15% CAF removal was observed with initial concentration 50 mg L-1 
which is twice more than ZnO. Almost similar removal has been seen for initial CAF 
concentration of 10 mg L-1 by both photocatalysts. Hence, it can be concluded that the 
efficiency of CAF degradation with TiO2 and ZnO is almost similar for lower 
concentration of CAF, however at higher concentration of CAF,jh TiO2 showed more 
degradation of CAF than ZnO under experimental condition. This may be due to the fact 
that for TiO2 the number of active sites available is higher than that of ZnO. This in turn 
facilitates the degradation of CAF when its concentration is higher. 
4.3.2.4  Effect of light intensity  
One of the foremost factors that influences the photocatalytic degradation of 
contaminants is the light intensity. The results show that the rate of degradation of CAF 
increased with increased light intensity, irrespective of the photocatalyst used. The main 
objective of this study was to establish a correlation between the degradation rate 
constant and the light intensity. The degradation rate constant was determined by the 
method mentioned earlier (Eqs. 4.2 and 4.3). The correlation of degradation rate constant 
with the incident light intensity for TiO2 and ZnO is shown in Fig. 4.5. 
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Fig 4.5 (a) 
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Fig 4.5 (b) 
Figure 4.5 (a,b): Correlation of degradation rate constant of CAF with solar light 
intensity (Experimental conditions: pH = 7.0; [TiO2] = [ZnO] = 1 g L-1) 
For ZnO, the degradation rate constant of CAF is correlated with light intensity by a 
definite power dependence law. Their correlation is given in Eq. 4.5. 
𝑘𝑟 = 0.65 × 𝐼
0.79                                                                                                     (Eq. 4.5) 
Where, kr is the degradation rate constant in mg L-1 min-1 and I is the incident light 
intensity in mW cm-2. Therefore, kr is directly proportional to I (𝐾𝑟 = 𝛼. 𝐼
𝛽), where 
value of  is 0.79. Similar type of power law dependence correlations is also found in 
literatures [37,44]. The  in this range generally signifies that the photocatalytic 
degradation is neither dominated by photocatalysts nor by mass transfer [37,44]. The 
result is shown in Fig. 4.5 (a).  
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In the case of TiO2, the correlation of degradation rate constant with light intensity did 
not follow a power law. It was found that kr is not considerably dependent on I for lower 
incident light intensity (up to 60 mW cm-2). However, kr immensely increases when the 
light intensity is increased beyond 60 mW cm-2 (Fig. 4.5 (b)). This implies that for 
photocatalytic degradation of CAF with TiO2 a minimum threshold light intensity is 
required for the degradation to take place. This type of light dependency on 
photocatalytic degradation is unusual in the literature. To validate the result, authors have 
run experiments separately with replicate runs and have come up with the same result 
independently.   
4.3.3 Comparison with other advanced oxidation processes    
Table 4.4 shows different Kapp values for CAF degradation from different studies by 
photolysis and photocatalysis. The solar photocatalysis of CAF with both TiO2 and ZnO 
shows higher efficiency than photolysis of CAF. Moreover, the Kapp determined in this 
study is higher than the one reported for photo-Fenton advanced oxidation process. 
However, the photocatalytic degradation of CAF with TiO2 under UV A (315 – 400 nm) 
irradiation is faster than solar light used in this study (Table 4.4). This is may be due to 
the fact that solar light accounts for only 4% of UV light which is being actually utilised 
to excite TiO2 and ZnO. Hence excitation of TiO2 under pure UV light is more than solar 
light. 
Table 4.4: Kinetic rate constants of the oxidation of CAF by different advanced 
oxidation processes, at room temperature 
Oxidation 
process 
Light 
Source 
Light 
Intensity 
Catalyst 
Dosage 
pH 
Order of 
reaction 
Rate 
constant 
(Kapp) 
Reference 
Photolysis UV A 
50 mW 
cm-2 
1.0 g L-1 neutral 1st 6 × 10-6 s-1 [17] 
Photocatalysis 
(TiO2) 
UV A 
50 mW 
cm-2 
1.0 g L-1 neutral 1st 2 × 10-3 s-1 [17] 
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Photo-Fenton 
(H2O2/FeII) 
UV/ 
UV A 
110 mW 
cm-2 
10 mg L-
1 (Fe2+) 
42 mg L-
1 (H2O2) 
2.5-2.8 1st 2 × 10-4 s-1 [19] 
Photocatalysis 
(TiO2) 
Solar 
Light 
100 mW 
cm-2 
1.0 g L-1 7.0 1st 5 × 10-4 s-1 This Study 
Photocatalysis 
(ZnO) 
Solar 
Light 
100 mW 
cm-2 
1.0 g L-1 7.0 1st 4 × 10-4 s-1 This Study 
4.3.4 Mineralization study 
The results obtained from the mineralization study for both ZnO and TiO2 are presented 
in Fig. 4.6. Complete degradation of CAF by both TiO2 and ZnO was observed after 4 
hours of irradiation time. TiO2 could remove around 36% DOC from the solution in eight 
hours compared to around 26% for ZnO. Considering the DOC removal, TiO2 can be 
established as more competent compared to ZnO. From the DOC study it can be 
concluded that CAF is not completely mineralized photocatalytically, even though it is 
completely degraded which in turn indicates the formation of oxidation products. There 
are several studies in literature where the oxidation products of CAF are being identified 
[26]. N,N’-dimethyloxamide, N-methylurea and N,N’-dimethylurea were detected as the 
oxidation products of CAF when oxidized by Fe(VI) [26]. Loses of fragments as 
C2H5NO, NH3 and C2H5N from CAF results in the formation of the above mentioned 
three products respectively [26]. Similarly, these three products were also detected when 
CAF is oxidized by hypochlorite [23]. Hence, similar fragmentation pathway can be 
assumed. For the oxidation of CAF with ozone, only N, N’-dimethyloxamide was 
detected as the intermediate [49]. 
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Figure 4.6: Mineralization study of CAF (Experimental conditions: pH = 7.0; [CAF] 
= 30 mg L-1; [TiO2] = [ZnO] = 1 g L-1; Solar light intensity = 100 mW cm-2; O2 
saturated) 
4.4 Conclusion 
In this study, the solar light-driven photocatalytic degradation of CAF with TiO2 and ZnO 
has been investigated. The adsorption of CAF on both photocatalysts’ surface reaches 
equilibrium within one hour of dark reaction. A parametric study shows that for both 
photocatalysts the optimum reaction conditions are pH 7.0, light intensity of 100 mW cm-
2, and catalyst amount of 1.0 g L-1. The Kapp of CAF solar photocatalytic degradation was 
determined as 0.032 min-1 and 0.024 min-1 for TiO2 and ZnO respectively. Moreover, 
around 36% DOC removal was achieved using TiO2, and around 26% using ZnO, at 
initial CAF concentration of 30 mg/L. Results show that solar light coupled with 
unmodified TiO2 or ZnO can be used to degrade CAF in water. 
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Chapter 5  
5 Factorial Experimental Design of Solar Light Driven 
Photocatalytic Degradation of Methylene Blue using 
Natural Dye-sensitized TiO2 
5.1 Introduction 
In an era where freshwater scarcity is turning into an environmental systemic risk, 
degradation and complete mineralization of organic contaminants is of immense 
significance. In the past few decades, photocatalysis using TiO2 as a photocatalyst, has 
been extensively studied for achieving this purpose due to its effectiveness in addressing 
a vast range of organics. High stability, corrosion resistance, non-toxicity, excellent 
optical transparency and low cost of TiO2 makes it one of the most widely used 
photocatalysts for water decontamination [1]. Till date it has been vastly studied for 
removal of toxic organic pollutants [2-4], metal ion reduction [5], and degradation of 
emerging pollutants [1]. 
However, the wide bandgap of TiO2 (~3.2 eV), makes the photocatalysis processes UV 
light driven [6-8]. As a result, only a small portion of the entire solar spectrum can be 
utilised for this purpose, thereby limiting the process to costly UV irradiation. This 
necessitates the modification of conventional TiO2 photocatalyst to lower its band gap to 
visible light wavelengths. 
Lowering bandgaps of photocatalysts by sensitizing it with a dye molecule is a 
technology that is being widely investigated for the purpose of Dye-Sensitized Solar 
Cells (DSSC) for the past few years [7]. The same technology has also been applied for 
photocatalytic hydrogen generation using Eosin Y sensitized TiO2/Pt photocatalyst [9]. 
Hence, this provides an opportunity to use the same technology for photocatalytic water 
decontamination processes [7, 10, 11]. In this sensitization process, the dye molecule gets 
excited (S*) by absorbing visible sunlight and an electron is transferred from its Highest 
Occupied Molecular Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital 
(LUMO) [7]. This excited electron finally gets shifted to the conduction band of TiO2 
molecule resulting in the formation of highly reactive superoxide anion (O2-) and 
107 
 
hydroxyl radical (OH•) [11]. In this approach the entire photocatalytic process becomes 
visible solar light driven, which is the most abundant natural source of energy. For 
successful sensitization of TiO2, it’s conduction band should be more positive than the 
LUMO of the dye used. 
Till date, several dye sensitization processes have been explored using different dyes like 
CdS, ruthenium dyes, rhodamine B, eosin, erythrosine and cyanine dyes [11-14]. Most of 
these heavy metal and organic synthetic dyes are expensive and hazardous in nature and 
are unpromising alternatives for water decontamination purposes [7]. These limitations 
fuel increased research on natural dyes to ensure effective replacement of organic 
synthetic and heavy metal dyes. Very few studies have been done till date using natural 
dyes as the sensitizers for photocatalytic water treatment [7, 15-17]. This study explores 
the new technology of natural dye-sensitized solar photocatalysis for water 
decontamination process in details. 
Removal and degradation of organic dyes from wastewater is a true challenge since they 
are highly water soluble and recalcitrant in nature and their removal from water by 
conventional coagulation or biological treatment process is extremely difficult [18-22]. 
Methylene Blue (MB) is a widely used organic dye for dyeing leathers, fibers and cottons 
in a large extent [22]. MB is an anionic triphenyl methane dye and causes respiratory 
tract, skin and eye irritation if swallowed [22]. The chemical structure of MB is shown 
below [Fig. 5.1]. To the best of our knowledge, the degradation of MB has not yet been 
studied using natural dye-sensitized solar light-driven photocatalysis. For these reasons’ 
MB has been chosen as the model compound for this study. 
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Figure 5.1: Chemical Structure of MB 
In most of the photocatalytic degradation studies classical univariate method is followed 
for optimizing reaction parameters, where only one parameter is varied at a time keeping 
other parameters constant [22]. This method is not only time consuming but also lacks 
the understanding of combined effect of parameters [22]. Design of Experiment (DOE) is 
a tool which combines mathematics and statistics to analyze the relative and combined 
effect of different reaction parameters in a very complicated framework. Hence, in this 
study the method of DOE has been followed to get a holistic overview of the effects of all 
reaction parameters. 
This study includes the development of a new photocatalyst, i.e., natural dye-sensitized 
TiO2 (TiO2/MS). Here, TiO2 molecule was sensitized using a dye extracted from 
Mangosteen peels. A full characterization of the prepared new photocatalyst (TiO2/MS) 
was carried out using XRD, SEM, EDX and UV spectrophotometer. First, a univariate 
parametric study was carried out for photocatalytic degradation of MB using TiO2/MS as 
the photocatalyst. Effect of photocatalyst dosage, initial MB concentration and light 
intensity were studied on % degradation of MB. The study was performed to determine 
the most effective range reaction parameters. Further, solar photocatalytic degradation of 
MB was studied by factorial design methodology using TiO2/MS as photocatalyst. Here, 
the effect of pH, light intensity and catalyst dosage on MB degradation were studied 
under different designed experimental conditions in a batch reactor. Additionally, the 
sensitivity of these reaction parameters was studied. The novelty of this study lies in the 
facts that it produces a new photocatalyst using a natural source, Mangosteen, which has 
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not been used for any other photocatalytic water decontamination studies till date. 
Furthermore, this study not only comprises of a comprehensive characterization of the 
new photocatalyst but also explores it’s efficiency by studying the degradation of MB, in 
details. 
5.2 Materials and methods 
5.2.1 Materials 
MB (99% pure) was purchased from EM Science, Merck KGaA, Darmstadt, Germany. 
TiO2 (Aeroxide P25: 80–20% anatase to rutile) was bought from Evonik Industries. 
Acetone was purchased from Sigma-Aldrich Company. Mangosteen fruit was procured 
from local market. Ultra-pure water (18.2 MΩ·cm) was prepared from an in-house 
EASYPure RODI system (Thermo Scientific, Canada). All chemicals used were 
analytical grade and used without any further purification. 
5.2.2 Instruments 
Solar simulator: A solar simulator was used to generate sunlight for photocatalysis. The 
solar simulator model (SS1KW, Sciencetech, Canada) has the following specifications: 
1000W Xe arc lamp and an Air Mass (AM) 1.5G filter; the simulator is capable of 
producing indistinguishable simulated 1 Sun irradiance of 100 mW/cm2 at full power. To 
generate only visible light, a UV cut-off filter (Omega optical, USA: >420 nm) was 
used. 
UV Spectrophotometer: A UV-3600 UV-VIS-NIR spectrophotometer from Mandel 
Scientific was used for MB analysis. 
5.2.3 Preparation of photocatalyst 
Peels from Mangosteen cut into small pieces were air-dried for two days and stored in 
dark for future use. 2 gms of dried peels were slowly stirred overnight, under dark 
condition, in 200 mL of 1:1 Acetone: water solvent. It was then centrifuged, and vacuum 
filtered to get the Mangosteen dye extract. The dye extract is deep red in color. In the 
prepared dye extract 2 gms of TiO2 powder was then slowly stirred overnight under dark 
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condition. Next, it is centrifuged and vacuum dried at 70C for 2 hrs. It was then 
grounded in a mortar-pestle to prepare the photocatalyst (TiO2/MS). The white TiO2 
powder changed its color to dark grey after treating it with dye extract. The prepared 
photocatalyst was then stored in dark in air-tight vials for further uses. 
5.2.4 Experimental 
All the photocatalysis reactions were carried out in a Pyrex glass reactor (11 cm diameter, 
6.3 cm height) with a flat window at the top for illumination, placed over a magnetic 
stirrer. As mentioned above (section 5.2.2) solar light was irradiated by a solar simulator, 
where an UV cut-off filter was used so that only the visible part of sunlight can be 
utilised. The volume of the reaction mixture was 150 mL and all the reactions were 
carried out with constant aeration using an air pump. Dilute sodium hydroxide and dilute 
hydrochloric acid was used for adjusting reaction pH. The reaction mixture was first 
stirred in dark for 2 hrs to ascertain adsorption equilibrium and then irradiated with 
visible sunlight for 2 hrs. Samples were taken and analyzed in UV spectrophotometer 
after filtering through 0.45m filters. 
5.2.5 Analysis 
Concentration of MB was determined by UV spectrophotometer at max 664 nm [23-25]. 
% degradation of MB was calculated using the following equation (Eq. 5.1) [22].  
%𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =
(𝐶0−𝐶𝑡)
𝐶0
× 100                                                                            (Eq. 5.1) 
Here, C0 and Ct is the concentration of MB at time 0 and t respectively. 
5.2.6 Experimental design and statistical analysis 
Initially, a detailed characterization of the prepared catalyst was performed. At first, the 
change in the surface structure and morphology of TiO2/MS compared to that of pure 
TiO2 was analyzed through XRD followed by SEM at three different magnifications. 
Chemical compositions of TiO2/MS and TiO2 was determined by EDX study to confirm 
the adsorption of the dye on TiO2 surface. Finally, the bandgap of TiO2/MS was 
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determined using UV-spectrophotometer to verify the bandgap shift of TiO2/MS as 
compared to that of pure TiO2 towards the visible range from UV range. 
For the photocatalytic degradation of MB, first univariate parametric studies were 
performed to determine the most effective reaction conditions. The parameters studied 
were initial concentration of MB, catalyst dosage and light intensity. Based on this single 
factor study the most feasible reaction conditions were determined for MB degradation. 
Depending on the single factor study, the initial concentration of MB for further studies 
was fixed at a definite value. The other three selected reaction parameters, e.g., pH, light 
intensity and catalyst dosage, were further studied using factorial design of experiments. 
A two level three factorial design of experiment has been followed comprising of 8 
experiments and their duplicates, there by amounting to 16 sets of experiments. This 
statistical approach was adopted to understand the complete and combined effect of three 
independent variables on the response, i.e., % degradation of MB. The ranges and levels 
of independent variables are shown in the following table [Table 5.1]. 
Table 5.1: The levels and ranges of variables in statistical experimental design 
Independent Variable Symbol 
Coded Variable Level 
Low Center High 
-1 0 +1 
pH A 4 5 6 
Light Intensity (mW 
cm-2) 
B 60 80 100 
Catalyst Dosage (gm L-
1) 
C 0.25 0.5 0.75 
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Finally, the results obtained from 16 sets of experiments were fitted to an empirical 
quadratic polynomial model for three parameters in the form of the following equation 
[Eq. 5.2]. 
𝑌 = 𝑚0 +𝑚1𝐴 + 𝑚2𝐵 +𝑚3𝐶 +𝑚12𝐴𝐵 +𝑚23𝐵𝐶 +𝑚13𝐴𝐶                             (Eq. 5.2) 
In this equation (Eq. 5.2), Y is the response, i.e., % degradation of MB, m0 is the 
intercept, m1, m2, m3 are coefficients of independent variables, m12, m23, m13 are 
coefficients of interaction terms and A, B, C are three independent variables as shown in 
table 5.1. The multivariate regression analysis was performed using Minitab 17 software. 
Followed by the regression analysis, a sensitivity study is performed to determine the 
relative sensitivities of reaction parameters on the response under experimental 
conditions. 
5.3 Results and discussions 
5.3.1 Characterization of the photocatalyst 
A detailed characterization study of TiO2/MS was performed using XRD, SEM, EDX and 
UV spectrophotometer. 
From X-ray Diffraction (XRD) studies of pure TiO2 [Fig 5.2(a)] and TiO2/MS [Fig 
5.2(b)], it was evident that there was no extra peak observed for TiO2/MS. Only the peak 
areas intensified for TiO2/MS as compared to that of pure TiO2, which essentially 
signifies a change in surface structure in TiO2/MS than that of the later. 
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Fig 5.2(a) 
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Fig 5.2(b) 
Figure 5.2: a: XRD plot of pure TiO2, b: XRD plot of TiO2/MS 
For further understanding, the morphology of TiO2/MS, SEM (Scanning Electron 
Microscope) studies were performed on both TiO2 and TiO2/MS at different levels of 
magnification. The following figure [Fig. 5.3] shows the SEM picture of pure TiO2 and 
TiO2/MS respectively at a magnification of 10000X. From these two figures the 
morphological change in TiO2/MS is clearly observed than that of pure TiO2. The surface 
for TiO2/MS has became more compact with reduced pores compared to that of pure 
TiO2. This change in the surface morphology of TiO2/MS than that of TiO2 signifies the 
adsorption of the dye on TiO2 surface changing its surface properties. 
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Fig 5.3(a) 
116 
 
 
Fig 5.3(b) 
Figure 5.3: a: SEM picture of pure TiO2; b: SEM picture of TiO2/MS 
EDX (Energy Dispersive X-ray Spectroscopy) study gives further information on the 
composition of both the catalysts. The result obtained from EDX is shown in the 
following table [Table 5.2]. 
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Table 5.2: EDX study of pure TiO2 and TiO2/MS 
Element 
Weight% 
Pure TiO2 TiO2/MS 
Carbon 2.9 16.9 
Oxygen 42.9 34.4 
Titanium 50.3 43.5 
From this study, it is clearly evident that the carbon weight % increased significantly in 
TiO2/MS than that of pure TiO2, which indicates the adsorption of the organic dye on 
TiO2 surface. 
Finally, the bandgap of TiO2/MS was measured using UV spectrophotometer. As 
mentioned earlier the large band gap of TiO2 (~3.2 eV), makes the photocatalytic process 
UV light driven where pure TiO2 is being used as photocatalyst [6-8]. However, for 
TiO2/MS, the bandgap was calculated to be ~2.95 eV. The bandgap was calculated from 
the absorption wavelength determined by UV spectrophotometer. Hence, it is evident that 
lowering of bandgap was achieved by sensitizing TiO2 molecule with the natural dye 
which drives the photocatalytic process towards visible sunlight driven.     
5.3.2 Preliminary experiments 
Initially, preliminary experiments were carried out to determine the most effective ranges 
of reaction parameters for MB degradation under experimental conditions. The 
parameters chosen for this study were initial concentration of MB, incident light intensity 
and catalyst dosage. In each case the % degradation of MB was measured using equation 
5.1. 
At first, the effect of catalyst dosage was studied on degradation of MB. Five different 
catalyst dosages were studied (0.25 – 1.25 g L-1), keeping all other reaction parameters 
constant (pH=6, light intensity = 60 mW cm-2, initial concentration of MB = 20 mg L-1). 
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The result is shown in the below figure [Fig 5.4]. From the result, it is evident that as the 
catalyst dosage is increased from 0.25 – 0.75 g L-1, degradation of MB also increases. 
However, it reaches a plateau when the catalyst dosage is further increased from 0.75 – 
1.25 g L-1. Initially, with increasing catalyst dosage the amount of active site also 
increases, thereby increasing the degradation. However, further increasing catalyst 
amount results in agglomeration of catalyst, thereby decreasing the amount of active site 
and hindering penetration of incident light [1, 4]. As a result, the degradation of MB 
reaches a plateau. Hence for further studies, catalyst dosage has been chosen in the range 
of 0.25 – 0.75 g L-1. 
 
Figure 5.4: Effect of catalyst dosage on % degradation of MB; Experimental 
condition: pH 6, light intensity 60 mW cm-2, initial concentration of MB 20 mg L-1 
The effect of initial concentration of MB on its degradation was studied with four 
different concentrations (5, 10, 15 and 20 mg L-1), keeping all other reaction parameters 
constant (pH = 6, light intensity = 60 mW cm-2, catalyst dosage = 0.75 g L-1). The result 
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is shown in the figure below [Fig 5.5]. It was observed that as the initial concentration of 
MB was increased the % degradation of MB gradually decreases; however, it remains 
almost same for initial concentrations 15 and 20 mg L-1. This phenomenon can be 
recognized by the fact that as the initial concentration of MB increases, the requirement 
of catalyst surface for adsorption also increases. However, since the amount of catalyst 
remains same for each case, the degradation decreases [22]. Also, as the initial MB 
concentration increases the penetration of the light decreases, resulting in lower 
degradation of MB [22]. For further studies, the initial concentration was chosen to be 20 
mg L-1. 
 
Figure 5.5: Effect of initial concentration of MB on % degradation of MB; 
Experimental condition: pH 6, light intensity 60 mW cm-2, catalyst dosage 0.75 g L-1 
Finally, the effect of light intensity was studied on degradation of MB. Five different 
light intensities were studied (20 – 100 mW cm-2), keeping all other parameters constant 
(pH = 6, light intensity = 60 mW cm-2, catalyst dosage = 0.75 g L-1). The results are 
120 
 
shown in the below figure [Fig 5.6]. It was observed that as the light intensity is increased 
from 20 – 60 mW cm-2, the degradation also increases, however it reaches a plateau when 
light intensity is further increased. This may be due to the fact that with further increase 
in light intensity the generation of active site does not increase on the catalyst and hence 
the degradation remains unchanged. Hence, for further studies light intensity has been 
studied in the range of 60 – 100 mW cm-2 to see if with increasing catalyst dosage the 
effect of higher light intensity changes.  
 
Figure 5.6: Effect of light intensity on % degradation of MB; Experimental 
condition: pH 6, catalyst dosage 0.75 g L-1, initial concentration of MB 20 mg L-1 
The pH for further studies has been chosen in the range of 4 – 6. Since, in any parametric 
studies, the range of parameters should be decided considering economic viability and 
practical applications, the pH range in this study is chosen closest to the natural pH 
possible [22]. 
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5.3.3 Statistical analysis and design of experiment 
To study the combined effects of different reaction parameters, a full factorial two level 
three factor (23) design of experiments was done as detailed in table 5.1 in section 5.2.6. 
Since, the effect of different reaction parameters cannot be compared if they are in 
different units, hence, there is a clear need to normalize all the parameters to a single unit. 
Thus, the variables were used in coded values for the modeling procedure. The 
normalization of the parameters was done by the following equation (Eq. 5.3). 
𝐶𝑜𝑑𝑒 =
𝑋−𝑋𝑚𝑖𝑑
1
2
(𝑟𝑎𝑛𝑔𝑒)
                                                                                                       (Eq. 5.3) 
Here, X is the value of a reaction parameter, Xmid is the midpoint of the highest and 
lowest value of the parameter and range is the difference between highest and lowest 
value of the parameter. This is the only way to fit all the reaction parameters to a single 
polynomial equation. 
The results obtained in the factorial design study is summarized in the following table 
[Table 5.3]. Here Y has been averaged for the duplicate runs. 
Table 5.3: Full factorial (23) experimental design 
Run# A B C Y (% MB removal) 
1 -1 -1 -1 12.3 
2 +1 -1 -1 18.2 
3 -1 +1 -1 12.3 
4 +1 +1 -1 17.65 
5 -1 -1 +1 25.5 
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6 +1 -1 +1 46.8 
7 -1 +1 +1 22.85 
8 +1 +1 +1 45.4 
9 0 0 0 17.8 
An empirical second order polynomial equation was derived from the experimental 
design shown in table 5.3 using a Minitab 17 software. The equation is given below [Eq. 
5.4]. 
𝑌 = 25.13 + 6.887𝐴 − 0.575𝐵 + 10.01𝐶 + 0.0875𝐴𝐵 + 4.075𝐴𝐶 − 0.4375𝐵𝐶 +
0.225𝐴𝐵𝐶                                                                                                                (Eq. 5.4) 
Here Y, represents the % degradation of MB following Eq. 5.1 and A, B and C represents 
the coded values of reaction parameters as described in Table 5.1.  
From this model equation it can be infered that the independent variable A, C and the 
interaction of A and C are highly significant since the values of their coefficients are 
considerably higher than the other coefficients. From the values of the coefficients of the 
model equation [Eqn. 5.4] it can be said that the order of effect of independent variables 
on MB degradation is catalyst dosage (C) > pH (A) > light intensity (B). The effect of B 
is almost negligible as compared to A and C. Hence, following further regression 
analysis, the following final model equation was derived [Eq. 5.5]. 
𝑌 = 25.13 + 6.887𝐴 + 10.01𝐶 + 4.075𝐴𝐶                                                          (Eq. 5.5) 
The R2 value predicted for this regression model [Eq. 5.5] is 0.9965, which is in good 
agreement with the adjusted R2 value of 0.9938. Moreover, the R2 value for this model is 
very close to 1. Both of these two facts indicate that this model equation can be 
effectively used for the degradation of MB under the experimental conditions. 
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The following figure [Fig. 5.7] also shows a very good fit (R2 > 98%) of the predicted 
responses with that of the experimental responses, which further validates the 
predictability of this model for MB degradation. 
 
Figure 5.7: Model predicted vs experimental response (% degradation of MB) under 
different experimental conditions 
The following figures [Fig. 5.8 (a,b)] shows the response surface plot and two 
dimensional contour plot respectively showing the combined effect of catalyst dosage (C) 
and pH (A) on the degradation of MB (Y). From figure 5.8 (a,b), it is evident that as the 
catalyst dosage and pH is increased the degradation of MB also increases under the 
experimental conditions. 
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Fig 5.8 (a) 
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Fig 5.8 (b) 
Figure 5.8: a: Response surface plot showing effect of pH and catalyst dosage on % 
degradation of MB; b: 2-D Contour plot showing effect of pH and catalyst dosage on 
% degradation of MB 
5.3.4 Sensitivity study 
Finally, sensitivity study was performed to determine the sensitivity of the reaction 
parameters towards % degradation of MB (Y). The results are shown in the following 
table [Table 5.4]. 
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Table 5.4: Result of sensitivity study 
Parameter Base Value % Increase % Decrease % Change in Y 
pH 6 
5 N/A -11.2 
N/A 5 -13.0 
10 N/A 17.4 
N/A 10 -23.3 
Light 
Intensity 
60 mW cm-
2 
5 N/A -0.2 
N/A 5 -20.7 
10 N/A 5.4 
N/A 10 -16.1 
Catalyst 
Dosage 
0.75 g L-1 
5 N/A -1.7 
N/A 5 -38.7 
10 N/A 13.5 
N/A 10 -46.9 
From this table [Table 5.4] it is observed that, catalyst dosage is the most sensitive 
reaction parameter where 10% decrease can cause 47% decrease in Y. However, increase 
in catalyst dosage does not affect Y to that extent. The effect of pH becomes more 
pronounce when it is decreased by 10%, which causes the degradation of MB to decrease 
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to around 23%. The effect of change in light intensity is less sensitive when it is 
increased. Y remains almost unchanged with increasing light intensity. However, Y is 
decreased to around 20% when the light intensity is decreased. Hence, it can be 
concluded that pH and catalyst dosage are two most sensitive parameters for methylene 
blue degradation under experimental conditions. This finding is also in agreement with 
the result that we got from regression analysis. 
Lastly, the following table [Table 5.5] shows the degradation of MB under different 
photocatalytic processes. It can be observed from the following table [Table 5.5] that 
although methylene blue can undergo almost complete degradation under visible/ natural 
sunlight, but either it involves the use of different chemical agents or the time required 
for the degradation is extremely high. From this table [Table 5.5] it is clearly evident that 
sthis method is the most environmentally friendly approach for degrading MB with a 
considerably low reaction time and high degradation rate. 
Table 5.5: Degradation of MB under different photocatalytic processes 
Oxidation 
Process 
Initial 
MB 
Concentr
ation 
Light 
Source 
Light 
Intensity 
Catalyst 
Catalyst 
Dosage 
Time 
% 
Degradati
on of MB 
Ref. 
Photocataly
sis 
50 mg L-1 
UV 
Lamp 
16 W ZnO 1 g L-1 2 hr 58% 26 
Photocataly
sis 
15.3 mg L-
1 
Xe Arc 
Lamp 
(with UV 
cut-off 
filter) 
300 W CaIn2O4 3 g L-1 2 hr >99% 27 
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Photocataly
sis 
15.3 mg L-
1 
Xe Arc 
Lamp 
(with UV 
cut-off 
filter) 
300 W 
TiO2 
(Degussa 
P25) 
3 g L-1 2 hr 28% 27 
Photocataly
sis 
15.3 mg L-
1 
Xe Arc 
Lamp 
(with UV 
cut-off 
filter) 
300 W - - 2 hr 28% 27 
Photocataly
sis 
3.2 mg L-1 
Natural 
Sunlight 
- 
Polyanili
ne/ZnO 
Nanoco
mposite 
0.4 g L-1 9 hr 99% 24 
Photocataly
sis 
5 mg L-1 
Visible 
Solar 
Light 
60 mW 
cm-2 
TiO2/MS 
0.75 g L-
1 
2 hr 78% 
This 
Study 
5.4 Conclusion 
A full factorial two level design of experiment was successfully employed to study the 
degradation of MB by solar light driven photocatalysis using natural dye-sensitized TiO2 
as the photocatalyst. From the regression model developed by Minitab17, catalyst dosage 
was found to be the most influential factor for MB degradation under experimental 
condition followed by pH. The model was found to fit very well to experimental data as 
confirmed by the high R2 value and the validation experiment. Besides, catalyst dosage 
has also been found to be the most sensitive parameter, where a slight change can cause 
considerable change in the response. Finally, from this study it can be concluded that 
natural dyes can be successfully utilised for sensitizing TiO2, thereby replacing heavy 
129 
 
metal and synthetic organic dyes and the produced new photocatalyst can be effectively 
used for solar light driven photocatalytic degradation of organic pollutants. 
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Chapter 6  
6 Rapid removal of acesulfame potassium by acid 
activated ferrate(VI) under mild alkaline conditions 
6.1 Introduction 
Access to clean water is a colossal concern to the mankind. The amount of emerging 
organic contaminants (EOCs) in surface waters (e.g. lakes) and wastewater (e.g. 
secondary effluent wastewater) is rising with each passing day due to their massive use in 
personal care products, pharmaceutical industry, hospitals, fertilizers, and food products 
[1, 2]. EOCs have also been detected in drinking water due to their resilient nature 
towards the conventional water and wastewater treatment processes [3, 4]. Continuous 
discharge of EOCs to the water bodies may pose threats to human health via the 
consumption of contaminated water [5, 6]. The presence of these harmful compounds in 
the aquatic environment has adverse effects to ecological species and may contribute to 
the development and multiplication of bacteria that are resistant to antibiotics [7-9].  The 
present study deals with Acesulfame potassium (potassium 6-methyl-2,2-dioxo-2H-
1,2λ6,3-oxathiazin-4-olate; ACE), an artificial sweetener, in water. 
Artificial sweeteners, which are widely used as sugar substitutes in numerous daily 
products such as food products (i.e. human diets and animal feeds), pharmaceuticals and 
personal care products, have been recognized as emerging contaminants [1, 10]. 
Interestingly, ACE is the most commonly used artificial sweetener [11]. ACE is one of 
the most frequently detected artificial sweetener in groundwater, surface waters, and 
influents and effluents of wastewater treatment plants, at high concentrations (up to 46 
µg/L) [10, 12]. Importantly, ACE exhibit high resistance to conventional activated-sludge 
based biological wastewater treatment processes [1, 12]. Recently, it was reported that 
the negative effects of artificial sweeteners are more severe than expected due to their 
chronic and metabolite toxicities [10]. Therefore, the elimination of artificial sweeteners 
from water is of utmost importance. Physicochemical wastewater technologies such as 
granular activated carbon [13], chlorination [14], ozonation [15], ultraviolet (UV) light 
[14], and photocatalysis [1], were investigated to remove ACE from water. The current 
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paper presents an efficient removal of ACE from water by high-valent iron-based green 
oxidant, ferrate(VI) (FeVIO42-; Fe(VI)). 
In the last three decades, Fe(VI) has received a great interest as a multipurpose water-
treatment chemical because of its unique oxidation and disinfection properties [16-23]. 
Importantly, after its application, Fe(VI) leaves behind an easily separable (e.g. 
magnetically) innocuous byproduct, Fe(III), initiating the process of coagulation which 
removes particulate and colloidal pollutants [24, 25]. The performance of Fe(VI) in 
removing a broad spectrum of water contaminants including metals, bacteria and viruses, 
carbohydrates, and organosulfur was investigated [16, 18, 20, 26-28]. In recent years, 
there has been an increasing interest in studying the oxidation of EOCs, also known as 
micropollutants, by Fe(VI) [29-32]. The majority of the reported studies focused on the 
kinetics of the Fe(VI) reaction with contaminants, and limited work has been carried out 
so far on the effect of water constituents (e.g. inorganic ions and organic matter) on the 
degradation of pollutants by Fe(VI). 
Despite the fact that Fe(VI) showed a great performance in eliminating a range of 
contaminants, some micropollutants were recalcitrant [29, 33, 34]. This initiated an 
interest in activating Fe(VI), at slightly basic pH conditions where Fe(VI) has lower 
reactivity (i.e. E0(pH 0) = +2.2 V and E0(pH 14) = +0.7 V) but higher stability (2FeO42− + 
5H2O → 2Fe(OH)3 + 1.5O2 + 4OH−), to enhance the oxidation of these recalcitrant 
micropollutants [35-37]. The activation of Fe(VI) by simple acids (e.g. HCl) and silica 
gel (SiO2) under mild alkaline pH conditions to enhance the degradation of 
micropollutants was recently reported by our research group [29, 38, 39]. 
Peroxymonosulfate, ammonia, sulfite, and reducing agents (e.g.  nitrite and thiosulfate) 
were also added to activate Fe(VI) [35, 39, 40]. The current paper demonstrates the 
enhanced oxidation of a recalcitrant micropollutants, ACE, by acid-activated Fe(VI) 
oxidation process. 
The objectives of this paper are: (i) to study the effect of  Fe(VI) to ACE molar ratio on 
the oxidation of ACE by Fe(VI) (nonactivated) and acid-activated Fe(VI), (ii) to develop 
an empirical linear model, using response surface methodology, that predicts the removal 
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efficiency of ACE by acid-activated Fe(VI) at different molar ratios of Fe(VI) to ACE, 
and HCl to Fe(VI), (iii) to investigate the effect of inorganic ions (i.e. Cl-, Na+, Ca2+, and 
Mg2+) and natural organic matter (NOM) on the degradation of ACE by acid-activated 
Fe(VI), (iv) to identify the oxidative transformation products of ACE and propose a 
possible reaction pathway, and (v) to compare the performance of acid-activated Fe(VI) 
with other chemical oxidation processes (e.g. chlorine and ozone). 
6.2 Materials and methods 
6.2.1 Chemicals 
ACE (>99.0% purity), magnesium chloride hexahydrate (>99.0% purity) and sodium 
chloride (>99.5% purity) were purchased from Sigma Aldrich, Canada. Hydrochloric 
acid (36.5 – 38%; HCl) and reagent grade calcium chloride were procured from Caledon 
Laboratory Chemicals (Georgetown, Ontario, Canada). High Performance Liquid 
Chromatography (HPLC) grade methanol (>99.8% purity) was purchased from Alfa 
Aesar. Polypropylene filters (0.45 µm) were acquired from VWR International 
(Mississauga, Ontario, Canada). Suwannee River Natural Organic Matter (2R101N; 
NOM) was obtained from the International Humic Substances Society (IHSS) in a solid 
form. Ultra-pure water (18.2 M.cm) was prepared in an in-house EASYPure RODi 
system (Thermo Scientific, BarnsteadTM, Canada) (Milli-Q water). All chemicals 
mentioned above were used without further purification. The wet chemical method was 
used to synthesize solid potassium Fe(VI) (K2FeO4, 98% purity) [41]. Fresh Fe(VI) 
solution was prepared in Milli-Q water prior to each experiment, followed by 
centrifugation (Thermo Scientific, Sorvall Legend Centrifuge) for 2 minutes at 3700 rpm 
and 24 C. The concentration of Fe(VI) in Milli-Q water was measured by 
spectrophotometry using the molar absorptivity (ε) at 510 nm (ε = 1150 M-1 cm-1) [42]. 
6.2.2 Experimental methods 
All the experiments were carried out with 250 mL of ACE solution and a desired volume 
of standardized Fe(VI) solution, at room temperature. After mixing the ACE and Fe(VI) 
solutions, the pH stabilized in 2 minutes defined as initial pH (pH(1)). Then, in the case 
of acid-activated Fe(VI), a definite amount of HCl was added to the Fe(VI)-ACE mixture 
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under rigorous stirring. The immediate pH after the addition of HCl (pH(2)) and the pH 
after 10 minutes of reaction (pH(3)) were recorded. The completion of the reaction was 
determined by the change of purple color of Fe(VI) to straw yellow color of Fe(III) (Time 
Fe(VI) decay). The insoluble Fe(III) was filtered through 0.45 m (Filtration Time), the 
pH was recorded as final pH (pH(4)), and the sample was analyzed for ACE 
concentration using HPLC. 
To study the effect of ions or NOM, a sample was taken prior to the addition of F(VI) and 
ion/NOM, and the ACE concentration was measured. Then, a desired amount of 
ion/NOM was individually added to the ACE solution, and after one hour of constant 
stirring, another sample was taken and analyzed for ACE concentration. The 
concentration of ACE in the 2 samples (i.e. ACE solution and ACE-ion/NOM solution) 
was the same indicating that the added ion/NOM is not responsible for the removal of 
ACE. Then, the Fe(VI) solution was added to the ACE-ion/NOM solution and after 
completion of the reaction (when the purple color of the solution turns to straw yellow), a 
sample was taken, filtered, and analyzed for ACE. 
6.2.3 Analytical methods 
HPLC (Agilent Technologies, 1200 series, G13150 DAD) was used to determine the 
ACE concentration. An Altima HP C18 column (5 m  150 mm  4.6 mm) was used. 
The analysis method was as follows [1]: Mobile phase, methanol: Milli-Q water (70:30); 
flowrate, 0.80 mL min-1; temperature, 25 C; sample volume, 20 L; wavelength, 220 
nm. A UV spectrophotometer (UV-3600, Shimadzu Scientific Instruments, Columbia, 
MD, USA) was also used to determine the ACE concentration at a wavelength 226 nm 
[39]. 
Identification of the oxidation products of ACE was measured by a Q-Exactive 
Quadrupole Orbitrap mass spectrometer (Thermo Fisher Scientific), coupled to an 
Agilent 1290 high-performance liquid chromatography (HPLC) system with a Zorbax 
Eclipse Plus RRHD C18 column (2.1 × 50 mm, 1.8 µm; Agilent) maintained at 35 °C. 
The mobile phase was water with 0.1% formic acid (A), and acetonitrile with 0.1% 
formic acid (B) (Optima grade, Fisher Scientific, Lawn, NJ, USA). Mobile phase B was 
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held at 0% for 0.5 min, before increasing to 100% over 3 min. Mobile phase B was held 
at 100% for 1.5 min, before returning to 0% B over 0.5 min. Injections of 5 μL were used 
with a flow rate of 0.3 mL/min. The following conditions were used for heated 
electrospray ionization (HESI): ESI+ capillary voltage, 3.9 kV; ESI- capillary voltage 
4.0; capillary temperature, 400 °C; sheath gas, 17 units; auxiliary gas, 8 units; probe 
heater temperature, 450 °C; S-Lens RF level, 65. 
6.3 Results and discussions 
6.3.1 Oxidation of ACE by Fe(VI) and acid-activated Fe(VI) 
Initially, the oxidation of ACE by Fe(VI) (nonactivated) at different Fe(VI) to ACE molar 
ratios (i.e. 2.0, 4.0, 6.0, and 8.0) was investigated. The experimental conditions are 
presented in the appendix (Appendix C, Table S6.1). The oxidative transformation of 
ACE by Fe(VI) increased from 24.6% to 81.4% by increasing the Fe(VI) to ACE molar 
ratio from 2.0 to 8.0 [Fig. 6.1]. This was expected because higher amount of oxidant is 
available to react with ACE at higher Fe(VI) to ACE molar ratio. The reaction between 
Fe(VI) and ACE was slow, i.e. the Fe(VI)-decay time was in the order of hours 
(Appendix C, Table S6.1). 
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Figure 6.1: Effect of Fe(VI) to ACE molar ratio on oxidation of ACE by Fe(VI) and 
acid-activated Fe(VI). (Experimental Conditions: [Fe(VI)]: 203.1 – 419.7 M; 
[ACE]: 48.2 – 107.7 M; [HCl]: 314 – 836 M; Final pH: 7.2-8.1) 
Due to the low reactivity of Fe(VI) with ACE (i.e. insufficient oxidative transformation 
and long reaction time), a second set of experiments was performed by activating Fe(VI) 
using HCl. The detailed experimental conditions are given in the appendix (Appendix C, 
Table S6.2). The degradation of ACE increased with an increase in the amount of HCl 
added to the Fe(VI)-ACE mixture [Fig. 6.1]. At Fe(VI) to ACE molar ratio of 4.0, the 
oxidative transformation of ACE increased from 53.5% to 69.7% and 82.5% by adding 
603 µM and 786 µM HCl respectively [Fig. 6.1]. Significantly, almost complete 
degradation of ACE (i.e. 93.6%) was achieved by acid-activated Fe(VI) (798 µM HCl) 
compared to 66.6% removal efficiency by Fe(VI) (nonactivated), at the same molar ratio 
of F(VI) to ACE of 6.0 [Fig. 6.1 and Table 6.1]. Importantly, the Fe(VI)-decay time 
decreased significantly by activating the Fe(VI) from over 4 hours to 1 minute [Table 
6.1]. Results show a remarkable enhancement of oxidation of ACE by acid-activated 
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Fe(VI) [Fig. 6.1 and Table 6.1]. The results obtained herein are in agreement with the 
oxidation of other micropollutants (e.g. caffeine) by acid-activated Fe(VI) [29, 38]. 
Table 6.1: Variation of pH and oxidation of ACE by Fe(VI) and acid-activated 
Fe(VI) 
[Fe(VI)]/[ACE] 
(mol)/(mol) 
[HCl] 
(m) 
pH  
(1) 
pH  
(2) 
pH  
(3) 
pH  
(4) 
Time 
(Fe(VI) 
Decay) 
Filtration 
Time 
ACE 
Removal 
(%) 
4.0 
No 
HCl 
9.9 - 9.8 8.0 2 h 7 h 
53.5  
2.3 
4.0 786 9.9 8.5 7.5 7.5 10 s 20 min 
82.5  
2.4 
6.0 
No 
HCl 
9.9 - 9.8 8.1 >4 h 10 h 
66.6  
4.3 
6.0 798 10.0 8.7 8.7 7.6 1 min 40 min 
93.6  
0.8 
(pH(1) - Initial pH of Fe(VI)-CAF mixture; pH(2) - Immediate pH after the addition of 
HCl; pH(3) – pH after 10 min; pH(4) - Final pH before filtration) 
The variation of the pH during the reaction of ACE with Fe(VI) in the presence and 
absence of HCl (i.e. Fe(VI) and acid-activated Fe(VI)) for typical experiments are 
presented in Table 6.1.  The initial pH of the Fe(VI)-ACE mixture (pH(1)) varied from 
9.1-10.0 (Table 6.1 and Appendix C, Table S6.2). The pH decreased by only 0.5-1.4 pH 
units due to the addition of HCl (Table 6.1 and Appendix C, Table S6.2). Such a low 
decrease of the pH due to the addition of HCl could not explain the enhancement of 
~30% in oxidative transformation of ACE [Table 6.1]. This was confirmed by performing 
additional experiments in similar initial pH range of 9.7-7.9 in the absence of HCl 
(without activation). Results show that the effect of pH was not significant, hence the 
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observed enhancement is due to activation of Fe(VI) by HCl (Appendix C, Table S6.3). 
Importantly, the final pH was similar (~7.5) in all cases, which is consistent with 
regulatory requirements of wastewater discharge. To rule out the effect of HCl or Fe(III) 
alone, blank experiments were carried out. HCl did not react with ACE (Appendix C, 
Table S6.4). Similarly, the Fe(III), generated by the decomposition of Fe(VI), played no 
role in the observed enhancement (Appendix C,Table S6.4). Results show clearly that 
acid-activated Fe(VI) enhanced the oxidation of ACE by ~30%, at much shorter time, i.e. 
seconds to minutes versus hours for acid-activated Fe(VI) and Fe(VI) respectively, at 
similar final pH [Fig. 6.1 and Table 6.1]. A possible reason for the observed enhancement 
is the increased formation of highly reactive iron-based species, Fe(V) and Fe(IV), upon 
activation with HCl, which results in increased oxidation capacity of Fe(VI), i.e. more 
electrons per mole of Fe(VI) were used for the oxidation of ACE [37]. Interestingly, it is 
well known that Fe(V) and Fe(IV) are more reactive than Fe(VI), thus causing enhanced 
oxidation [33]. 
6.3.2 Empirical model 
The results presented in Fig. 6.1 indicate that the removal efficiency of ACE by acid-
activated Fe(VI) is a function of the Fe(VI) to ACE molar ratio, and the amount of HCl 
added. A response surface methodology was applied to develop a linear model to predict 
the percent removal of ACE as a function of molar ratios of Fe(VI) to ACE, and HCl to 
Fe(VI). If the fit is good with linear model, it is better to use simplified model than 
complex one. If one increases non-linearity of the model and keep enough fitted 
parameters, any data can be fitted. Hence, it is better to fit with simple model if the fit is 
reasonably good. The linear two factor model was established using Minitab 17 software 
(Eq. 6.1): 
𝑌 = 𝛽0 + 𝛽1𝐴 + 𝛽2𝐵                                                                                               (Eq. 6.1) 
Where, Y is the response of the model, i.e. percent removal of ACE, 0 is the intercept, 
and 1 and 2 are the coefficients of factor A and B respectively. Factor A is the molar 
ratio of Fe(VI) to ACE, and factor B is the molar ratio of HCl to Fe(VI). The data used 
for the development of the model are given in the appendix (Appendix C, Table S6.5). 
141 
 
The molar ratio of Fe(VI) to ACE varied from 2.0-8.0, and the molar ratios of HCl to 
Fe(VI) used for the development of the model were 0.0 (no activation) and 2.0. Data on 
HCl to Fe(VI) molar ratio of 1.5 were used to validate the model (they have not been 
used for the development of the model). The empirical model (R2 = 0.95 and R2(adj) = 
0.92) is given in Eq. 2: 
%𝐴𝐶𝐸 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 = 12.85 + 9.05
[𝐹𝑒(𝑉𝐼)]
[𝐴𝐶𝐸]
+ 13.02
[𝐻𝐶𝑙]
[𝐹𝑒(𝑉𝐼)]
                                     (Eq. 6.2) 
According to the Analysis of Variance (ANOVA), factors with p-value <0.05 are 
considered statistically significant at 95% confidence interval [43]. The ANOVA for the 
response is given in the appendix [Appendix C, Table S6.6]. The p-values of both of the 
factors (i.e. molar ratios of Fe(VI) to ACE and HCl to Fe(VI)) were lower than 0.05 
[Table S6.6]. The normality of the data which is a requirement for the statistical analysis 
was justified by the normal probability plot of the standardized residuals for the linear 
model [Fig. S6.7].  
Fig. 6.2 shows that empirical model developed herein (Eq. 6.2) predicts reasonably well 
the %ACE removal. The data used for the validation of the model are given in the 
appendix (Appendix C, Table S6.8). The model predicts well the removal efficiency of 
ACE by both systems, i.e. Fe(VI)-ACE and Fe(VI)-ACE-HCl [Fig. 6.2 and Appendix C, 
Tables S6.5 and S6.8]. It is noted that this is an empirical model which is valid for Fe(VI) 
to ACE molar ratio range of 2.0-8.0 and HCl to Fe(VI) molar ratio range of 0-2, at 
slightly basic pH conditions (8.0-10.0). An empirical linear model was reported for the 
prediction of the removal efficiency of an organic contaminant (i.e. caffeine) by Fe(VI) 
upon activation by HCl and HNO3 [38]. 
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Figure 6.2: Linear model validation, and prediction of the %ACE removal by 
Fe(VI) and acid-activated Fe(VI) 
6.3.3 Effect of ions and NOM 
The effect of water constituents on the removal of a target compound is essential to 
evaluate any water and wastewater treatment process under more realistic conditions. The 
effect of common inorganic ions (i.e. monovalent anion (Cl-), monovalent cation (Na+), 
and divalent cations (Ca2+ and Mg2+)), usually present in surface waters and wastewaters, 
on the oxidative transformation of ACE by acid-activated Fe(VI) was studied. The molar 
ratios of Fe(VI) to ACE, and HCl to Fe(VI) were 4.0 and 2 respectively [Appendix C, 
Table S6.9]. The concentrations of these ions were chosen to be relevant to their 
concentrations in typical wastewater [44-46]. Fig. 6.3 shows that the ions (Na+, Ca2+, 
Mg2+ and Cl-) have no significant effect on the oxidation of ACE by acid-activated 
Fe(VI). The removal of ACE was similar in the presence and absence of the studied ions. 
This is important for the evaluation of acid-activated Fe(VI) oxidation process under 
water-treatment conditions. Interestingly, the oxidation of two other micropollutants (i.e. 
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caffeine and flumequine) by Fe(VI) (nonactivated) was negatively affected by the 
presence of divalent cations (i.e. Ca2+ and Mg2+) [34, 38].  
 
Figure 6.3: Effect of ions on the oxidation of ACE by acid-activated Fe(VI). 
(Experimental Conditions: [Fe(VI)]/[ACE]: 4.0; [HCl]/[Fe(VI)]: 2.0; [Cl-]: 4 mM; 
[Na+]: 4 mM; [Ca2+]: 2 mM; [Mg2+]: 1 mM; Final pH: 7.2-7.5) 
The effect of NOM at 2 different concentrations (5 and 10 mg/L) to simulate a range of 
waters (e.g. secondary effluent wastewater) was investigated. Experimental details are 
given in the appendix (Appendix C, Table S6.9). Molar ratios of Fe(VI) to ACE of 4.0 
and HCl to Fe(VI) of 2 were applied to assess the effect of NOM. No effect on the 
degradation of ACE by acid-activated Fe(VI) was observed at 5 mg NOM/L. The 
removal efficiency of ACE decreased from 82.5% to 66.3% in the presence of 10 mg 
NOM/L [Fig. 6.4].  The decrease in ACE removal in the presence of NOM was expected 
since Fe(VI) reacts with other organics present in NOM. This is in agreement with 
reported study on the decomposition of Fe(VI) in the presence and absence of NOM [47]. 
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Figure 6.4: Effect of NOM on the oxidation of ACE by acid-activated Fe(VI). 
(Experimental Conditions: Experimental Conditions: [Fe(VI)]/[ACE]: 4.0; 
[HCl]/[Fe(VI)]: 2.0; Final pH: 7.0-7.5) 
6.3.4 Product identification and proposed reaction pathway 
Dissolved Organic Carbon (DOC) measurements showed no considerable mineralization 
of ACE by Fe(VI) and acid-activated Fe(VI), even when complete removal of ACE was 
observed. This essentially indicates the formation of oxidation products. Several studies 
in the literature have explored the oxidation pathways and oxidation products of ACE. 
Ozonation of ACE leads to the formation of aldehyde hydrate and acidic by-products 
through ring cleavage [1]. Hydrolysis of ACE under sunlight mainly produces sulfamic 
acid [SFA] [48-51]. 
In this study, identification of the oxidation products of ACE was done by high resolution 
Orbitrap LC-MS system. One transformation product of ACE was identified, i.e. SFA 
(H3NO3S). The extracted ion chromatograms of the samples analyzed by LC-HRMS are 
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shown in the appendix (Appendix C, Fig. S6.10). The formula ([M+H]+) with the best 
match to the experimental mass is H3NO3S is provided in the appendix [Appendix C, 
Table S6.11]. Interestingly, the same oxidation product (i.e. SFA) was identified for both 
Fe(VI) and acid-activated Fe(VI). A plausible pathway of the oxidation of ACE is shown 
in Fig. 6.5. Here, the formed hydroxyl radical possibly has attacked ACE resulting in the 
ring opening through hydrolytic transformation [1]. The ring opening finally results in the 
formation of SFA and Acetoacetic acid. Acetoacetic, a -keto, was not detected by the 
LC-HRMS, probably because it is highly unstable and readily degrades to carbon dioxide 
and acetone. Acetone is not detestable using this ESI, LC-HRMS method. Also, the 
formation of carbon dioxide was possibly so less that it did not show any significant 
decrease in DOC. 
 
Figure 6.5: Plausible reaction pathway of ACE by Fe(VI) and acid-activated Fe(VI) 
6.3.5 Comparison with other oxidation processes 
There has been an increasing interest in investigating the degradation of ACE by different 
oxidation processes, due to its ecotoxicity and high resistance to conventional wastewater 
treatment processes [10]. Table 6.2 summarizes the performance of oxidation processes 
in removing ACE from water. Chlorine, which is the most commonly used disinfectant in 
wastewater treatment plants worldwide, could not remove ACE, i.e. 20% removal after 5 
hours of contact time [14]. On the other hand, ozone could remove ACE efficiently 
(~95%) in 5 minutes, but the molar ratio of ozone to ACE was high [Table 6.2] [15]. A 
low removal of ACE of ~35% was reported for ultraviolet (UV) light, and UV light 
emitting diode (UV-LED) after hours of contact time, i.e. 5 hours and 2 hours for UV and 
UV-LED respectively [11, 14]. The degradation efficiency of ACE increased from ~35% 
146 
 
to ~90% when TiO2 was employed to the UV-LED system, but the contact time was still 
in the order of hours [Table 6.2]. Interestingly, a complete elimination of ACE (~100%) 
by solar photocatalysis with TiO2, in 30 minutes of irradiation time, was recently 
published by our research group [1]. The acid-activated Fe(VI) oxidation process 
proposed herein had a great performance in oxidizing ACE, i.e. almost complete removal 
(93.6%) was achieved. Significantly, the high degradation efficiency of ACE was 
achieved in only 1 minute of contact time, and a final pH of 7.6 which is relevant to 
wastewater treatment practices and discharge requirements. However, the data for cost is 
not available in most of the studies. Also, we did not do any cost analysis for our study. 
Hence, comparison based on cost analysis was not included here. 
Table 6.2: Degradation of ACE by different oxidation processes 
Treatment 
technology 
Experimental 
conditions 
Removal 
efficiency (%) 
Contact 
time 
Reference 
Chlorine 
[ACE]=1 µM 
[Cl2]=25 µM 
20 5 h [14] 
Ozone 
[ACE]=0.005 µM 
[O3]=104 µM 
Final pH=7.3 
~95 5 min [15] 
Acid-activated 
Fe(VI) 
[ACE]=67.8 µM 
[Fe(VI)]=408.1 µM 
[HCl]=798 µM 
Final pH=7.6 
93.6 1 min This study 
UV [ACE]=1 µM ~35 5 h [14] 
UV-LED [ACE]=30 µM ~35 2 h [11] 
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Final pH=7 
UV-LED/TiO2 
[ACE]=30 µM 
[TiO2]=188 µM 
Final pH=3.0 
90% 2 h [11] 
Solar light/TiO2 [ACE]=100 µM 
[TiO2]=12521 µM 
Final pH=6 
~100% 30 min [1] 
6.4 Conclusion 
The present paper showed that a recalcitrant micropollutant, ACE, could be 
removed efficiently from water by the novel acid-activated Fe(VI) oxidation process. The 
major conclusions of this study are: 
• Fe(VI) (nonactivated) had low reactivity with ACE. Addition of HCl to the 
Fe(VI)-ACE mixed solution resulted in an enhancement of the oxidation of ACE. 
Acid-activated Fe(VI) eliminated ACE almost completely (93.6%) in seconds to 
minutes, compared to 66.6% degradation efficiency in hours observed without 
activation, at the same Fe(VI) to ACE molar ratio of 6.0 and final pH of 7.6-8.1. 
An empirical model developed herein using response surface methodology could 
predict reasonably well the removal efficiency of ACE as a function of the molar 
ratios of Fe(VI) to ACE, and HCl to Fe(VI). 
• The oxidative transformation of ACE by acid-activated Fe(VI) was not affected 
by the presence of inorganic ions, i.e. Cl-, Na+, Ca2+, and Mg2+. Organic 
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components present in NOM decreased the removal of ACE, at the highest NOM 
concentration (i.e. 10 mg/L) studied. 
• An attack of iron-based oxidant to ACE resulted in ring opening through 
hydrolytic transformation, and the formation of SFA which was detected using 
LC-HRMS technique as the major product of ACE. 
• Acid-activated Fe(VI) has a great potential in removing ACE from water in 
seconds to minutes while other oxidation process require minutes to hours. 
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Chapter 7  
7 Conclusions and Recommendations 
7.1 Major conclusions 
This PhD thesis explored the efficiency of different methods of advanced oxidation 
processes for addressing EOCs as well as conventional organic pollutants. 
The degradation of artificial sweetener ACE, a potential EOC, was reported using solar 
light and unmodified TiO2 for the first time. Almost complete degradation of ACE was 
achieved under the experimental conditions (pH: 6; initial ACE concentration: 10-50 
mg/L; light intensity: 100 mW/cm2 and catalyst dosage: 1 gm/L). Complete 
mineralization of ACE was also achieved with an apparent quantum yield of 0.02% at 1 
sun. The highest apparent quantum yield (8%) was observed at 20 mW/cm2 and complete 
mineralization was achieved within 6 h under solar-UV light (300–388 nm). The same 
solar photocatalytic process was also found to be effective in removal of another EOC, 
CAF, using both TiO2 and ZnO as photocatalyst. A parametric study shows that for both 
photocatalysts the optimum reaction conditions are pH 7.0, light intensity of 100 mW cm-
2, and catalyst amount of 1.0 g L-1. Both the studies show the competency of 
photocatalytic process for addressing new EOCs. 
The photocatalytic process was successfully made visible sunlight driven by sensitizing 
TiO2 with natural dye. A natural dye mangosteen was utilised for the first time to modify 
TiO2 for its use in water decontamination. An organic dye, methylene blue (MB), a 
potential organic pollutant from textile and paper industries, was degraded successfully 
under visible sunlight using the natural dye-sensitize TiO2. A full factorial two level 
design of experiment was employed to study the independent and combined effect of 
reaction parameters on degradation of MB. The promising results from the study shows 
that the heavy metal and expensive synthetic dyes can be positively replaced by natural 
dyes for sensitizing TiO2 for water treatment processes. 
Finally this thesis reports that a recalcitrant micropollutant, ACE, could be removed 
efficiently from water by the novel acid-activated Fe(VI) oxidation process. Fe(VI) 
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(nonactivated) had low reactivity with ACE. Addition of HCl to the Fe(VI)-ACE mixed 
solution resulted in an enhancement of the oxidation of ACE. Acid-activated Fe(VI) 
eliminated ACE almost completely (93.6%) in seconds to minutes, compared to 66.6% 
degradation efficiency in hours observed without activation, at the same Fe(VI) to ACE 
molar ratio of 6.0 and final pH of 7.6-8.1. The oxidative transformation of ACE by acid-
activated Fe(VI) was not affected by the presence of inorganic ions, i.e. Cl-, Na+, Ca2+, 
and Mg2+. Organic components present in NOM decreased the removal of ACE, at the 
highest NOM concentration (i.e. 10 mg/L) studied. Acid-activated Fe(VI) has a great 
potential in removing ACE from water in seconds to minutes while other oxidation 
process require minutes to hours. 
7.2 Scientific contribution 
• The results presented in this study shows for the first time that EOCs can be 
effectively removed from water using solar light and TiO2/ZnO. Thus, this 
provides an efficient means to remove EOCs from water bodies. 
• For the first time it showed the use of dyes from a natural source, mangosteen, to 
sensitize TiO2 for photocatalytic degradation of organic pollutants. Replacement 
of heavy metal and synthetic dyes with natural dyes, for dye-sensitization, not 
only increases the environmental friendliness of the process, but also increases its 
economic viability to a great extent.  
• The use of a statistical tool, experimental factorial design, allowed the thorough 
analysis of independent and combined effect of reaction parameters on the 
photocatalytic degradation of organic pollutants with natural dye-sensitized TiO2 
under visible spectrum of sunlight. 
• It demonstrated the novel method of enhancement of the oxidation of a 
recalcitrant organic pollutant (ACE) by ferrate(VI) by acid under water treatment 
pH conditions. It showed that the enhanced oxidative transformation of ACE by 
acid-activated Fe(VI) was not affected by ions like Cl-, Na+, Mg2+, Ca2+. 
157 
 
• For the first time the identification of the oxidized products of ACE and proposed 
reaction pathways of the oxidation of ACE by Fe(VI), acid-activated Fe(VI) are 
reported here.  
7.3 Recommendations for future work 
The studies done in this thesis expose broader applications of different advanced 
oxidation processes in water purification. The recommendations for future work can be 
listed as below: 
• The use of solar photocatalytic process needs to be further studied for the 
degradation other new and unexplored EOCs. 
• The use of natural dye-sensitization process with mangosteen dye and TiO2 
(MS/TiO2) can be further explored for the removal of other organic pollutants 
including EOCs. 
• Further studies are required to enhance the efficiency of the photocatalytic 
process using MS/TiO2 as the photocatalyst. 
• Dyes extracted from other natural abundant resources can be utilised to sensitize 
TiO2 towards visible spectrum of sunlight.  
• The use of natural dye-sensitized TiO2 can be further expanded towards visible 
sunlight-driven photocatalytic hydrogen generation. 
• Different activation methods of Fe(VI) and its enhanced oxidation of a range of 
organic and inorganic pollutants particularly those present in secondary effluent 
wastewater need to be reconnoitered. 
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Appendices 
Appendix A: Supplementary information of chapter 3 
 
Fig. S3.1: Solar Simulator: Irradiance vs wavelength plot [31, 32] 
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Fig. S3.2: Calibration Plot of ACE in HPLC 
 
Fig. S3.3: Spectra of ACE in HPLC 
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Fig S3.4: Langmuir Adsorption Isotherm fit of ACE on TiO2 surface at pH 6. 
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Fig. S3.5: Pseudo first-order rate kinetics of photodegradation of ACE 
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Fig. S3.6 (a-e): Effect of initial concentration and light intensity on degradation of ACE. 
Experimental conditions: pH = 6 and [TiO2] = 1 gm/L,  
[ACE]o = 10, 20. 30, 40, 50 mg/L, I = 20, 40. 60, 80, 100 mW/cm2. 
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Appendix B : Supplementary information of chapter 4 
Table S4.1: BET characteristics of TiO2 and ZnO nanopowders 
 
Sample BET surface Area (m2 g-1) Reference 
ZnO 2.99 50 
TiO2 50.0 34 
The result signifies that TiO2 will have greater active sites for adsorption than ZnO due to 
higher surface area.  
 
Fig. S4.2 a. SEM picture of ZnO at a magnification of 50KX 
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Fig. S4.2 b. SEM picture of TiO2 at a magnification of 50KX 
 
Fig S4.3: Simplified flow diagram of the experimental setup used in the study. 
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Fig S4.4: Photolysis of CAF (Experimental conditions: pH = 7.0; Solar Light Intensity = 
100 mW cm-2) 
Table S4.5: Freundlich isotherm constants of CAF adsorption using TiO2 and ZnO at pH 
6.0, 7.0 and 8.0 
Adsorbent pH Kf (L mg-1) 
TiO2 
6.0 0.001 
7.0 0.00097 
8.0 0.001 
ZnO 
6.0 0.001 
7.0 0.001 
8.0 0.001 
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Fig. S4.6: Langmuir adsorption isotherm of CAF with (a) ZnO, and (b) TiO2 
(Experimental conditions: pH = 7.0; [TiO2] = [ZnO] = 1.0 g L-1) 
 
Fig S4.7: Pseudo first-order rate kinetics photodegradation of CAF with ZnO, 
(Experimental conditions: Initial CAF concentration = 30 mg L-1; pH = 7.0; [ZnO] = 1.0 
g L-1; Solar light intensity = 100 mW cm-2; O2 saturated) 
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Fig S4.8: Pseudo first-order rate kinetics photodegradation of CAF with TiO2, 
(Experimental conditions: Initial CAF concentration = 30 mg L-1; pH = 7.0; [TiO2] 
= 1.0 g L-1; Solar light intensity = 100 mW cm-2; O2 saturated) 
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Fig S4.9: Langmuir-Hinshelwood fit of CAF degradation (Experimental conditions: pH = 
7.0; [TiO2] = [ZnO] = 1 g L-1; Solar light intensity = 100 mW cm-2; O2 saturated) 
Table S4.10: Langmuir-Hinshelwood constants for CAF degradation 
Catalyst K (L mg-1) k (mg L-1 min-1) 
ZnO 0.28 0.60 
TiO2 0.05 1.59 
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Appendix C : Supplementary information of chapter 5 
Table S5.1: Data used for model validation 
pH 
catalyst dosage (g L-
1) 
% MB removal 
(experimental) 
% MB removal 
(model predicted) 
6.3 0.75 42.4 49.4 
5.7 0.75 40 42.8 
6.6 0.75 54 52.7 
5.4 0.75 35.3 39.5 
6 0.79 47.9 48.3 
6 0.83 53.4 50.6 
Natural Dye Selection: 
For the selection of natural dye, several fruits and vegetables were explored as the source 
of dye. First, hibiscus tea was used for dye extraction and accordingly TiO2 sensitization 
with the extracted dye. However, the produced dye sensitized catalyst was not effective 
in the removal of organic pollutants (under study) under visible solar spectrum. Same 
result was observed when the sensitization of TiO2 was done using turmeric dye, 
extracted from raw turmeric. The same dye extraction process was also tried with other 
natural sources like strawberry, blueberry, beet root and spinach. However, the fabricated 
dye-sensitized TiO2 with these natural dye extracts were found to be not effective in 
removing organic pollutants (under study). Finally, mangosteen dye was chosen for this 
purpose, since mangosteen dye sensitized TiO2 was not only efficient in removing 
methylene blue, but it was observed that it can also degrade phenols from water.   
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Appendix D : Supplementary information of Chapter 6 
Table S6.1: Oxidation of ACE by Fe(VI) 
Exp  
# 
[Fe(VI)]  
(µM) 
[ACE] 
(µM) 
[Fe(VI)]/[ACE] 
(mol/mol) 
[HCl] 
(µM) 
pH 
(1) 
pH 
(2) 
pH 
(3) 
pH 
(4) 
Time 
(Fe(VI)  
Decay) 
Filtration  
Time 
 
ACE  
Removal 
(%) 
1 
216.8 106.9 2.0 
No 
HCl 
9.7 - 9.8 7.7 3 h 8 h 
24.6  
1.3 
2 419.7 104.0 4.0 
No 
HCl 
9.9 - 9.8 8.0 2 h 7 h 
53.5  
2.3 
3 385.2 63.7 6.0 
No 
HCl 
9.9 - 9.8 8.1 >4 h 10 h 
66.6  
4.3 
4 416.1 51.8 8.0 
No 
HCl 
10.0 - 9.9 8.1 >4 h 9 h 
81.4  
3.3 
pH(1) - Initial pH of Fe(VI)-ACE mixture; pH(2) - Immediate pH after the addition of 
HCl; pH(3) – pH after 10 min; pH(4) - Final pH before filtration; 
Table S6.2. Oxidation of ACE by acid-activated Fe(VI) 
Exp  
# 
[Fe(VI)]  
(µM) 
[ACE] 
(µM) 
[Fe(VI)]/[ACE] 
(mol/mol) 
[HCl] 
(µM) 
pH 
(1) 
pH 
(2) 
pH 
(3) 
pH 
(4) 
Time 
(Fe(VI)  
Decay) 
Filtration  
Time 
 
ACE  
Removal 
(%) 
1 203.1 101.0 2.0 314 9.4 8.3 7.6 7.4 10 s 15 min 
45.4  
0.7 
2 214.2 107.7 2.0 429 9.5 8.2 - 7.2 10 s 5 min 
49.2  
1.1 
3 397.0 98.6 4.0 603 9.9 8.7 9.3 7.6 5 min 1 h 
69.7  
0.2 
4 385.1 96.3 4.0 786 9.9 8.5 7.5 7.5 10 s 20 min 
82.5  
2.4 
172 
 
5 385.6 64.0 6.0 587 10.0 8.8 9.5 7.7 10 min 2.5 h 
84.6  
0.2 
6 408.1 67.8 6.0 798 10.0 8.7 8.7 7.6 1 min 40 min 
93.6  
0.8 
7 387.1 48.2 8.0 694 9.1 8.6 9.0 7.5 10 min 1 h 
92.5  
1.5 
8 412.9 51.7 8.0 836 9.4 8.8 8.4 7.6 5 min 20 min 
95.5  
0.4 
pH(1) - Initial pH of Fe(VI)-ACE mixture; pH(2) - Immediate pH after the addition of 
HCl; pH(3) – pH after 10 min; pH(4) - Final pH before filtration; 
Table S6.3. Effect of initial pH on oxidation of ACE by Fe(VI) 
Exp  
# 
[Fe(VI)]  
(µM) 
[ACE] 
(µM) 
[Fe(VI)]/[ACE] 
(mol/mol) 
[HCl] 
(µM) 
pH 
(1) 
pH 
(2) 
pH 
(3) 
pH 
(4) 
Time 
(Fe(VI)  
Decay) 
Filtration  
Time 
 
ACE  
Removal 
(%) 
1 46.6 23.3 2.0 No 
HCl 
7.9 - 8.0 7.5 20 min 0.5 h 33.9  
5.0 
2 103.4 51.6 2.0 No 
HCl 
8.7 - 9.0 7.7 85 min 2.5 h 30.9  
3.5 
3 216.8 106.9 2.0 No 
HCl 
9.7 - 9.8 7.7 3 h 8.5 h 24.6  
1.3 
pH(1) - Initial pH of Fe(VI)-ACE mixture; pH(2) - Immediate pH after the addition of 
HCl; pH(3) – pH after 10 min; pH(4) - Final pH before filtration; 
Table S6.4. Blank experiments 
Exp  
# 
[Fe(VI)]  
(µM) 
[ACE] 
(µM) 
[HCl] 
(µM) 
pH Filtration  
Time 
ACE 
Transformation 
(%) 
Effect of HCl alone 
1 - 72.7 4975 2.4 5.0 h 0.0 
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Effect of Fe(III) and HCl 
2 216.6 (degraded to 
Fe(III)) 
 
113.4 427  
 
8.3 20 min 0.0 
 
Table S6.5. Data used for the development of the model 
[Fe(VI)]/[ACE] 
(mol)/(mol) 
[HCl]/[Fe(VI)] 
(mol)/(mol) 
ACE Removal (%) 
Experimental 
ACE Removal (%) 
Predicted 
2.0 0 30.9 30.9 
2.0 2 49.2 57.0 
4.0 0 53.5 49.0 
4.0 2 82.5 75.1 
6.0 0 66.6 67.1 
6.0 2 93.6 93.2 
8.0 0 81.4 85.2 
Table S6.6. Analysis of variance for response 
Source Sum of squares 
(SS) 
F- value P-value 
Model 2788 37.01 0.003 
[Fe(VI)]/[ACE] 1692 60.87 0.001 
[HCl]/[Fe(VI)] 1096 29.10 0.006 
R2 = 0.95 and R2(adj) = 0.92 
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Fig. S6.7. Normal probability plot of the standardized residuals for the linear model 
Table S6.8. Data used for model validation 
[Fe(VI)]/[ACE] 
(mol)/(mol) 
[HCl]/[Fe(VI)] 
(mol)/(mol) 
ACE Removal (%) 
Experimental 
ACE Removal (%) 
Predicted 
6.0 1.5 84.6 86.6 
4.0 1.5 69.8 68.6 
2.0 2.0 49.2 56.9 
2.0 1.5 45.4 50.9 
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Table S6.9. Effect of ions and NOM on the oxidation of ACE by acid-activated Fe(VI) 
Exp  
# 
[Fe(VI)]  
(µM) 
[ACE] 
(µM) 
[Fe(VI)]/[ACE] 
(mol/mol) 
[HCl] 
(µM) 
[Ion] 
or 
[NOM] 
 
pH 
(1) 
pH 
(2) 
pH 
(3) 
pH 
(4) 
Time 
(Fe(VI)  
Decay) 
Filtration  
Time 
(h) 
ACE  
Removal 
(%) 
1 385.1 96.3 4.0 786 - 9.9 8.5 7.5 7.5 10 s 20 min 82.5  2.4 
2 375.4 94.3 4.0 768 
2 mM 
Ca2+ 
9.6 8.6 7.3 7.3 10 s 10 min 77.3  1.2 
3 375.4 93.5 4.0 768 
1 mM 
Mg2+ 
9.6 8.6 7.3 7.3 10 s 10 min 77.5  0.9 
4 372.5 93.0 4.0 750 
4 mM 
Na+ 
9.8 8.7 7.2 7.2 10 s 10 min 79.0  0.8 
5 372.5 93.0 4.0 750 
4 mM 
Cl- 
9.8 8.7 7.2 7.2 10 s 10 min 79.0  0.8 
6 397.9 98.7 4.0 804 
5 mg 
NOM/L 
9.9 8.7 7.0 7.0 10 s 10 min 80.9  2.5 
7 382.2 94.9 4.0 768 
10 mg 
NOM/L 
9.8 8.7 7.0 7.0 10 s 10 min 68.0  3.4 
pH(1) - Initial pH of Fe(VI)-ACE-Ion/NOM mixture; pH(2) - Immediate pH after the 
addition of HCl; pH(3) – pH after 10 min; pH(4) - Final pH before filtration; 
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Fig. S6.10. Extracted Ion Chromatograms for Product Identification of ACE with Fe(VI) 
and Activated Fe(VI) (Experimental Conditions: (a) [Fe(VI)]/[ACE] = 8, [HCl]/[Fe(VI)] = 
0; (b) [Fe(VI)]/[ACE] = 4, [HCl]/[Fe(VI)] = 2; (c) [Fe(VI)]/[ACE] = 2, [HCl]/[Fe(VI)] = 
1.5; (d) [Fe(VI)]/[ACE] = 2, [HCl]/[Fe(VI)] = 0) 
Table S6.11. Accurate mass measurements of ACE and its transformation product (SFA) 
determined by LC-HRMS 
Compound Rt 
(min) 
Formula 
[M + H]+ 
Calculated 
mass (m/z) 
Acesulfame potassium 
(ACE) 
1.40 C4H5NO4S 169.9855 
Sulfamic acid (SFA) 0.51 H3NO3S 95.9747 
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